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Abstract 
 
In this work the combustion characteristics of coal, charcoal, microalgae biomass 
and blends between these three components were evaluated by means of non-
isothermal thermogravimetry. Blends between coal, charcoal and microalgae 
biomass were made according to the specifications of a D-optimal mixture design so 
as to be able to model interactions between the three components with maximum 
precision despite multiple constraints built into the design. These constraints 
specified that coal can have a minimum value of 70 mass % in any blend, while 
microalgae can have a maximum value of 20 mass %.  
While coal and charcoal were blended by mixing the two respective dry components, 
microalgae biomass was incorporated into the blends by first absorbing microalgae 
onto fine coal from concentrated slurry of the microalgae in water. The microalgae in 
these blends were therefore intimately associated with the coal. This approach 
differed substantially from the normal practice of preparing coal – biomass blends 
(which are usually dry-mixed as for coal – charcoal blends). 
Proximate analyses of the starting materials showed that the microalgae biomass 
has a significantly higher volatile matter: fixed carbon content than both coal and 
charcoal, which should improve the combustion of these materials by providing a 
more stable combustion flame. Analyses of the thermogravimetric data obtained 
showed that coal and charcoal have much simpler combustion profiles than 
microalgae biomass for which five different thermal events could be observed in the 
DTG combustion profile. Qualitative kinetic analyses showed that the combustion of 
coal and charcoal follows first-order kinetics, but for microalgae biomass combustion, 
the first two combustion stages appear to follow first-order kinetics. 
The TG and DTG profiles for coal, charcoal, microalgae and blends of these three 
components were used to derive values for the so-called comprehensive combustion 
property index (S-value), which provides a combined measure of the ease of ignition, 
rate of combustion, and burn-out temperature. The S-values so obtained were used 
as response variable for the construction of a response surface model in the 
experimental domain investigated. Following statistical validation of the response 
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surface model, the model was used to predict an optimum S-value or a blend that 
would display optimum combustion behaviour. Two optimum blends were obtained 
from the optimisation process, one in which only charcoal is added to coal, and one 
in which only microalgae is added to coal. Adding both charcoal and microalgae 
produced an antagonistic effect compared to when only one of these are used. 
Qualitative kinetic analyses of the combustion data of blends indicate that blends of 
coal and charcoal combust in a manner similar to the individual components (hence 
following first-order kinetics), but blends of coal and microalgae follow more complex 
kinetics despite the fact that the combustion profile is visibly more simple compared 
to the combustion profile for microalgae alone. 
 
Key words: Co-combustion, coal, microalgae, comprehensive combustion property 
index. 
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Chapter 1  
INTRODUCTION 
 
This dissertation evaluates the co-firing of coal, charcoal and microalgae biomass 
with the view to evaluate the potential of coal, charcoal and microalgae biomass 
blends as an improved fuel for household use. This introductory chapter provides a 
brief introduction to coal, its production, and its combustion. The co-firing of coal with 
various other fuels such as charcoal, biomass, and microalgae biomass is also 
introduced. The use of microalgae biomass to recover and upgrade waste coal fines 
is also introduced. Lastly, the research problem, scope of research, research 
hypothesis, and aims and objectives of the research are also provided.  
1.1 Background 
1.1.1 Coal formation and World consumption 
Coal is an inhomogeneous organic fuel formed mainly from decomposed plant 
matter [1]. The primary precursor of coal includes moss, microalgae, lower plant 
forms and wood. These forms of vegetation are decomposed, altered and 
compacted under influence of geological time, temperature and pressure. The result 
is the formation of different forms of coal (with increasing time, pressure, and 
temperature) in the order of peat, lignite, bituminous coal, anthracite and graphite [1].  
 
The world consumption of coal was about 6.12349699 x 1012 metric tons in 2006 and 
is expected to increase by 48% to 9.05370371 × 1012 metric tons by 2030 [2],(see 
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fig.1.1). 
 
Figure 1.1: World coal consumption outlook (International Energy Outlook 
2009) 
 
Coal originated about 300 million years ago. The commercial consumption of coal as 
a primary source of energy began about 150-200 years ago. It is likely to remain an 
important source of energy in any conceivable future. Energy is very important in 
powering a modern society and coal can be used to produce electrical, chemical and 
heat energy. Coal is the principal fuel used to generate electricity in the United 
States [2] [3]. Approximately, 93 % of South Africa’s electricity is generated from coal 
[4] [5] [6]. About 218,212 GWh of electricity out of the estimated total of 237,291 net 
GWh of electricity produced by Eskom in 2012 was coal-powered. Over 125 million 
tons of coal was burnt for this purpose [5] [7].  
 
There are more than 2500 coal preparation plants worldwide and 49 functional plants 
are in South Africa [8]. South Africa is the only coal producer of significance in Africa 
and represents more than 90% of the total [8]. The annual production of coal in 
South Africa as at 2010 was estimated at 253.8 million tons which accounted for 3.8 
% of global production in that year. The anthracite and bituminous coal reserve as at 
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2005 was about 4875 million tons [9]. South Africa has approximately 30,408 million 
tons of proven coal reserves, making it the sixth largest holder of proven coal 
reserves in the world [5]. Coal will continue to play an indispensible role in a 
greenhouse gas constrained world [10]. 
1.1.2 Coal mining, coal fines production and storage  
One of the undesirable results of coal mining and coal processing is the generation 
of a residue called waste coal fines which have limited or no market and practical 
application at present, see fig.1.2.  A large quantity of waste coal fines, estimated at 
58Gt or 800 EJ, are dumped around the world in countries such as USA, Eastern 
Europe, Russia, Australia and South Africa. About 1,120,853 Mt [11] [8] was 
estimated to be in South Africa in 2011. The South African coal mining industry 
currently disposes about 10 million tons of ultra fine coal (<150 μm) per year [12].  
 
 
Figure 1.2 Discard (waste coal fines) dump at a mining site in South Africa [13] 
Waste or discard coal fines produced currently are comprised of coal particles that 
are generally <150 µm obtained by coal screening [8]. Coal and coal fines are more 
or less the same material but differ in form, size and purity.  
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1.1.3 Problems of waste coal fines  
The economy of South Africa depends greatly on its coal deposits and is likely to 
remain so for at least the next few decades. The generation of discard coal during 
mining and processing not only represents a loss of economic value due to the 
amount of coal lost (typically between 10 and 20% of run of mine coal), but also 
presents significant environmental and health and safety risks.  
Waste coal fines are a potential fire hazard as they are self-igniting at temperatures 
above ambient, which is why hot spot in dumps are always watered. Given the huge 
quantities of waste produced annually by the mining industry, the amount of water 
“wasted” to suppress ignition of the coal waste is huge.  
Coal is a source of valuable electrical energy and as a result the waste coal fines 
equate to true electrical energy wastage. The energy density of coal is approximately 
24 MJ/kg which can be expressed in kilowatt-hours, the unit for electricity [2] [14]. 
One kilowatt-hour is equal to 3.6 MJ, the energy density of coal is thus equivalent to 
6.67 kilowatt-hour / kg. This implies that more or less 6670 kWh of electrical energy 
has been lost per ton of dumped coal fines.  
Dumped coal fines contribute to air pollution because they are dusty and release 
aerosols with particulates under windy conditions. The unintended combustion of 
waste coal fines (from auto ignition of stockpiled fines) releases carbon monoxide 
CO, and carbon dioxide CO2, which are the largest emissions. One kilogram of coal 
emits 2.93 kg of carbon dioxide [2] [15]. These emissions, together with nitrogen 
oxides NOx, sulphur oxide SOx, and poly aromatic hydrocarbons present a huge 
environmental and health and safety problem [16]. 
Waste coal fines occupy valuable space. They are dumped in massive heaps at the 
mines and other sites e.g. coal utilisation plants and export harbours due to the 
formation of fines during transport and processing.  
Several types of water pollution are traceable to waste coal fine production. The 
most common is the acid drainage and leaching of radioactive materials into potable 
water sources.  
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1.1.4 Opportunities and utilization of waste coal fines 
Coal is the most abundant fossil fuel resource in South Africa. At the rate of 
production of waste coal fines by the coal mining and processing industry, the 
opportunity of utilising waste coal fines as source of energy cannot be ignored. In 
essence, waste coal fines also present an opportunity to upgrade and/or modify the 
coal as it is already in a fine form required for such manipulations. One such 
opportunity is to blend waste coal fines with biomass such as microalgae in order to 
obtain a solid fuel with improved combustion properties. The transformation of waste 
coal fines into a useful solid fuel does not only represents an economic opportunity 
(by recovering lost value), but also a chance to extend the life of coal as an energy 
resource through reduced waste, as well as an environmental sustainability 
opportunity by reducing the environmental impact of coal utilisation through a 
reduction in green house gas (GHG) emissions. The latter has become a major 
focus for research as a means to sustainable clean coal energy.  
 
The demand of heat energy is high in winter especially for rural dwellers who have 
no access to electricity. Approximately 43 % of the South African population lives in 
informal settlements [17]. A large percentage of this population use coal for indoor 
cooking and heating and given the problems associated with indoor combustion of 
coal, there exists a clear opportunity to improve the quality of life of these 
communities by the development of an improved fuel for indoor usage.  
 
Eskom, the largest user of coal in South Africa can also benefit from the use of 
microalgae to recover waste coal fines produced during the grinding process to 
produce coal particles suitable for firing in their power stations.  
 
The second largest user of coal in South Africa is Sasol who produce synthesis gas 
(Eqn. 1.1) for the production of liquid fuels and petrochemicals by Fischer-Tropsch 
synthesis [2]. 
 
C + O2 + H2O → syngas (H2 + CO)................................................................ (1.1)  
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Sasol, who owns its own coal mines, generate substantial quantities of waste coal 
that could potentially be recovered and used, thereby extending the lifespan of the 
resource. 
1.1.5 Problem statement 
Waste coal fines are produced in huge quantities by the coal mining industry 
worldwide. This represents both an economic loss and an environmental 
management problem. However, in its fine form, coal fines present an opportunity to 
be formulated into a useful product that may recover the lost economic value, 
address the environmental problem of stockpiling coal fines, and at the same time 
produce a fuel product that has improved combustion characteristics compared to 
lumpy coal.  
1.1.6 Research scope  
The scope of the research is to investigate the option of producing a solid fuel 
(pellets/briquettes) from waste coal fines by using microalgae biomass as binding 
agent to produce a fuel that has improved combustion characteristics compared to 
coal. For this purpose, the combustion properties of blends of coal, charcoal, and 
microalgae biomass will be studied. The results of this study may then be used in 
future projects to produce specifically blended products for the purpose of actual 
combustion studies to achieve specific objectives, e.g. the production of a clean 
coal-based fuel for household purposes.   
1.1.7 Work process plan diagram  
Fig. 1.3 on the following page illustrates the approach followed during this 
investigation. 
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Figure 1.3:  The research work process plan diagram (Coloured blocks 
represent future work) 
 
1.1.8 Research hypothesis 
The combustion properties of coal fines may be improved by the addition of either 
charcoal, microalgae biomass or both.  
1.1.9 Aims and objectives  
The primary aim of this research is to evaluate the use of coal fines for producing a 
solid fuel with improved combustion properties by using microalgae biomass, or 
microalgae biomass and charcoal as additional fuel components. A particular interest 
of the investigation is whether such a fuel would show desirable properties as a solid 
fuel for both domestic and industrial use. To achieve this, the following approach will 
be followed: 
1. 1. Coal, Micro-
algae, Charcoal 
 Preparation 
*Milling and  sizing 
of coal/charcoal 
*Harvesting and 
drying of microalgae 
biomass 
 
2. Analysis 
*Proximate 
*Ultimate 
*Energy value 
3. Thermochemical 
behaviour of raw 
materials 
*TG/DTG curves 
4.Production of blend 
mixtures 
*Design and blending 
5.Thermochemical 
behaviour of blends 
*TG/DTG curves 
*S  -values 
6.Optimization 
*Model derivation and 
validation 
*Prediction of optimal 
blend 
*Confirmation 
7.Test pellet production 
*Blending 
*Pelletization 
*Drying 
8.Combustion Studies 
*Combustion behaviour 
*Emission behaviour 
9.Conclusions and 
recommendations 
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1. Establish the proximate and ultimate property values of a specific batch of 
coal fines, charcoal and microalgae biomass. 
2. Determine the so-called comprehensive fuel index, or S-value, of coal fines, 
charcoal, microalgae and various blends of these three components. 
3. Determine an “optimal” blend for a solid fuel by generating a response surface 
regression model from the S-values determined in (2) above. 
4. Compare the experimental approach (of using the so-called comprehensive 
fuel index value) with a more fundamental (kinetic) approach.  
1.2 Literature Review  
The review includes a search of relevant literatures using various internet search 
engines; the google scholar, and consulting library materials, websites of various 
organisations (especially United States patents, European patents, journals and 
articles, reports, presentation papers etc on coal, charcoal, biomass (microalgae), 
combustion, energy, etc), agencies like South Africa, China, India  and United States 
department of energy, South African statistics, etc. An estimated number of more or 
less 1500 patents, journals and several articles, reports, presentation papers etc 
were searched with the essential ones referenced. 
1.2.1 Coal combustion  
The combustion of a hydrocarbon fuel is the oxidation of the hydrocarbon to produce 
carbon dioxide, water and heat. The indoor burning of coal for heat generation is 
often under non-ideal conditions, which means that the ratio of fuel and oxidant 
(oxygen) is not regulated or controlled. In a power generation plant, however, coal is 
burnt under conditions that are optimised in terms of fuel/oxidant ratio to increase the 
efficiency of the process. The terms burning and combustion are used 
interchangeably, but the later is generally considered to be more controlled than the 
former and products of these thermochemical reactions may differ. 
Coal has a polymeric structure with a high C/H ratio compared to other hydrocarbons 
[18]. The structural chemistry of coal and how this relates to its combustion is useful 
in evaluating the effect of microalgae biomass on coal combustion. ¹³C NMR shows 
coal to be a heterogeneous material with many functional groups attached to the 
aromatic backbone, [19] having side chains and bridges for the attachment of some 
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mobile “chemically unbound” molecules. The aromatic centre contains some oxygen, 
nitrogen and sulphur.  
Structurally, coal is hydrogen deficient with an atomic hydrogen to carbon ratio of 
approximately 0.7 - 0.9. This ratio varies widely depending upon the type of coal. 
Higher hydrogen to carbon ratio is beneficial since it results in more efficient coal 
combustion [19]. In contrast, low hydrogen to carbon ratios result in incomplete 
combustion which is pronounced especially for lower grade coal. The chemical 
composition and structure of coal affects its combustion. Coals of different ranks 
(e.g. C100H85O25N1S0.3 and C100H85O21N1S0.3) would exhibit variation in combustion 
characteristics. The presence of inorganic elements such as Al, Fe, Ca, Na and Si 
could also impact coal behaviour because it catalyses combustion in various 
degrees. 
The nitrogen (plus nitrogen from air) and sulphur as well as pyrite in the aromatic 
centre of coal is the source of the NOx and SOx emissions.  Coal contains low 
internal oxygen to carbon ratios (1 oxygen: 5 carbon atoms) which can cause 
incomplete combustion to release carbon monoxide unless an excess of external 
oxygen (e.g. air) is supplied. The nitrogen contained within the coal structure will also 
react with air to form fuel nitrogen oxide NOx. It is known that air has a density of 
about 1.2 kg/m3 and contains about 21 % oxygen and 78 % nitrogen. Therefore the 
larger the volume of excess air used in the combustion process, the greater the 
chance of generating a large amount of thermal NOx. As a result, complete 
combustion is generally conducted with the least amount of excess air to minimise 
emissions. 
1.2.2 Co-firing coal and biomass  
This section provides only a brief introduction into the concept of co-firing of biomass 
with coal and no attempt was made to do a comprehensive literature review on the 
subject since the main focus of this work relates to the co-firing of coal and 
microalgae biomass. The main arguments for the practice of co-firing coal and 
biomass include such arguments that biomass is a carbon neutral fuel (since the 
CO2 emitted was absorbed from the atmosphere as the biomass was formed), lower 
ash, dust and SO2 emissions.  
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Co-firing biomass with coal represents a combination of bio- and fossil energy 
utilisation that derives benefit from both fuel sources. This approach uses the large 
infrastructure already in existence for coal-fired power systems (including fuel 
shipment, storage facilities and flue gas cleaning installations) [20]. Operating costs 
are, however, higher for biomass than for coal, particularly the cost of fuel (biomass). 
Even if biomass is obtained free at its origin (e.g. wastes), transportation, 
preparation, and on-site handling increase the cost per unit of energy so much that it 
often exceeds that of coal. 
If operated properly, the use of biomass can reduce traditional pollutants (SOx, NOx, 
etc.) and net greenhouse gas (CO2, CH4, etc.) emissions. In addition, due to the 
significantly reduced ash content of biomass, disposal of residues is also reduced. 
For these reasons, for power generation, the co-firing of renewable biomass fuels at 
conventional coal-fired power stations is recognised as one of the lower-cost, lower-
risk options to achieve significant CO2 emission reductions [21] [22] [23]. It is 
therefore not surprising that there are more than a hundred and fifty (>150) examples 
of commercial-scale biomass/coal co-firing power generation utilities [24] around the 
world. 
1.2.3 Co-firing of coal with microalgae biomass 
The results of a literature review on the co-firing of microalgae biomass with coal 
show that while several authors [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] 
acknowledged the potential of co-firing microalgae biomass with coal no actual 
results on co-firing studies have been reported to date. The relevant literature that 
refers or considers co-firing coal and microalgae biomass may be grouped as 
follows: 
A: Life Cycle Assessment /environmental impact [25] [26] [31] and [32]. 
B:  Microalgae production using CO2 or flue gasses [28] and [29]. 
C:  Overview/Reviews [27] [30] and [31]. 
D:  Miscellaneous -Techno-economic [33] and Properties [35]. 
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All the reports referred to above considers co-firing of microalgae biomass with coal 
as a process with two feed streams, one being the coal and the other being dried 
microalgae biomass. There is no single reference to the approach where the 
microalgae biomass is physically absorbed onto the surface of the coal, thereby 
forming a single feed stream.  
The papers on Life Cycle Assessments [25] [26] [31] [32] use previously published 
findings for their models with the result that the conclusions drawn from these 
studies are similar. Thus, Kadam [25] [26] compares the situation of firing coal for 
electricity generation (no CO2 capture) with a scenario in which CO2 is captured for 
microalgae cultivation and the resultant microalgae biomass used for co-firing with 
coal for electricity generation. Two scenarios of CO2 capture are also considered, 
namely direct injection of flue gas into the microalgae growth system, and using the 
monoethanolamine absorption MEA, process to separate CO2 from the flue gas prior 
to injection into the growth system. In his analyses, Kadam concludes that for coal 
fired power generation, there are potential benefits in the recycling of CO2 for 
microalgae production due to lower SOx, NOx, particulate, methane, and CO2 
emissions, as well as lower fossil fuel consumption. 
In their analysis, Clarens et al [31] includes concurrent treatment of wastewater, 
which also acts as a source of nutrients, as well as a direct comparison of 
microalgae cultivation with the cultivation of other energy crops (maize, canola, and 
switch grass), but excludes the downstream conversion to energy (electricity). 
Kucukvar and Tatari [32] present a hybrid eco-life cycle assessment Eco-LCA, for a 
360 MW coal-microalgae power plant in which they attempt to quantify the total 
resource consumption and total emissions during electricity generation. For their 
analysis they also use the microalgae productivity presented by the National 
Renewable Energy Laboratory (Kadam) [25] [26]. 
The life cycle assessment LCA, studies referred to above do not result in a clear 
indication of whether co-firing coal with microalgae presents a feasible technical, 
economic, and environmental opportunity or not. The main reason for this is that they 
essentially all use the same inventory for the modelling exercise. The main problems 
with these published results include: 
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1. Using open ponds or raceways to cultivate microalgae: This results in (a) low 
microalgae biomass productivities, and (b) low CO2 absorption efficiencies. 
2. In all cases the microalgae is pre-dried before mixing with coal for co-firing: 
This results in huge additional energy consumption. 
3. All the studies ignore the “recycling” of fixed nitrogen as NOx by means of the 
flue gas which results in impractically high fertilizer consumption. 
In the techno-economic analysis of J Ma (Harry Reid Centre for Environmental 
Studies, UNLV) [33] the difference between microalgae productivity between open 
pond systems and closed photo-bioreactors PBR, (in particular the hanging bag 
reactor) is clearly highlighted. Open pond or raceway systems will require about 3 
times more space than a closed photo-bioreactors PBR. The productivity (365 - 379 
t/ha/yr) for a closed photo-bioreactor PBR, as well as the claimed energy value of the 
microalgae biomass, is probably somewhat optimistic. Also, the replacement of all 
coal by microalgae biomass as fuel is questionable. The study concludes that there 
is a direct financial benefit (ca. $95 million) per year for a power plant of 500 MW 
when using flue gas to cultivate microalgae and using the microalgae biomass for 
co-firing. 
The reports on microalgae cultivation using CO2 from flue gas [28] [29] and 
references therein clearly show the viability of microalgae cultivation using flue gas. 
In addition, several reports are available online [25] [26] [27] on ongoing projects 
regarding using flue gas from coal-fired power plants to cultivate microalgae. 
 1.2.4 Microalgae as alternative biomass for co-firing coal 
A thorough knowledge of the chemical composition as well as the characteristics of 
waste coal fines is important in its beneficiation. For the combustion of solid fuels, 
the combustible components (C, H, N, S) are considered to burn independently for 
ease of evaluation. Stoichiometric combustion calculations must be made for the 
burning of each of the C, H, N, and S, using the mass obtained from the ultimate 
analysis. The physical and chemical evaluation of waste coal fines, charcoal and 
microalgae biomass is therefore crucial because there are different grades of coal 
fines, charcoal and species of microalgae. A material’s grade or rank defines its 
reactivity, so it is essential to rank these materials before utilization. For instance, 
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coal fines from lignite have the highest reactivity followed by bituminous and 
anthracite coal fines [36]. South African coal is predominantly of a low grade type 
with a high proportion of inert and semi-reactive carbonaceous materials [36].  
This research is considering an increase in oxygen and hydrogen levels in waste 
coal fines by adding microalgae biomass into coal surface. The total amount of 
oxygen and hydrogen in the coal structure contributes substantially to its combustion 
behaviour. In part it is hypothesised that coal with an increased amount of internal 
oxygen would burn well and reduce emissions. An improvement in the degree of 
combustion would improve the energy output of the coal. 
 
 
Figure 1.4:  The microalgae growing in a Photo bio-reactor at InnoVenton 
green house  
Microalgae biomass has the potential to substitute other biomass because of its 
inherent characteristics. It grows faster than any other form of biomass. From 
literature [19] and preliminary experimental work conducted by InnoVenton (NMMU 
Institute for Chemical Technology) [37], the probability exists that microalgae could 
be used as an effective natural coal fines binder as a result of its inherent chemical 
composition. Microalgae biomass contains varying amounts of carbohydrate, protein, 
lipids, cellulose, and hemi-cellulose. Carbohydrate is combustible and is known to 
have binding and plasticizing properties that would help to keep coal fines particles 
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together.  Protein plasticizes under heat and can therefore also act as a binder for 
waste coal fines. Lipids are combustible and are an excellent source of heat energy 
[38]. The typical elemental composition of microalgae is as shown in Table 1 below 
[39] [40]. 
Table 1: Typical elemental composition of microalgae biomass 
Element Amount (wt %) Element Amount (wt %) 
C 47.3 Sr 0.05 
H 7.3 Fe 0.0035 
O 37.2 Mn 0.0018 
N 7.2 Zn 0.0006 
P 0.43 Cu 0.0006 
S 0.2 Co 0.0001 
K 0.14 Cd 0.0003 
Mg 0.11 Mo 0.00005 
Ca 0.063 - - 
 
It is postulated that the co-firing of microalgae with coal could improve the quality of 
coal combustion by supplying more hydrogen and oxygen to the combustion process 
and which could result in improving the sustainability of coal as energy source.  
The South African climate is ideal for commercial microalgae production [37]. This 
research is attempting to use microalgae as a sustainable binder to produce a cheap 
and clean solid fuel by upgrading low quality coal. Hence, waste coal fines would be 
used as a case study. Also, co-firing coal with wood has been proven to have a 
synergistic effect on coal combustion [41]. It is also known that biomass has a 
significant potential to reduce CO2 emission and can replace between 20-50 % of 
coal by means of co-firing [42]. The chemistry of wood and microalgae biomass may 
have some similarities since both are photosynthetic organisms. Microalgae are 
lower plants and have higher oxygen content than that of wood. Therefore blending 
waste coal fines (or coal) with microalgae biomass could likely have the same 
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synergistic effect as that observed for the co-firing of wood with coal. It was also of 
interest to evaluate whether coal fines in combination with charcoal and microalgae 
could make a better energy mix than coal, or coal and microalgae biomass alone.   
1.2.5 Emissions from coal combustion  
According to literature [44], ultra-high efficient combustion of a solid fuel is the 
superior scientific option for meeting the challenges of its emission reduction. 
Therefore, any solid fuel combustion process for indoor and commercial application 
must consider the following four factors [43]: 
1. Level of emission-: Above stipulated emission concentrations within an 
enclosed environment, it poses a health risk. 
2. Energy output- : Energy generation is the primary purpose for the combustion 
process, and a maximum output is expected. 
3. Efficiency of the combustion process- : Optimal utilization of solid fuel is 
required to avoid wastage.  
4. Safety of the combustion- : Spontaneous combustion creates high risk when 
not properly managed. 
Combustion is more ideal than burning and a typical example of combustion of a 
coal particle and its products is shown in Figure 1.5 [1] [44]. 
Main Processes in Waste coal fines Combustion
coal particle
p-coal, d=30-70m
devolatilization
volatiles
char
homogeneous
combustion
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combustion
CO2, H2O, …
CO2, H2O, …
tchar=1-2sectvolatiles=50-100mstdevolatile=1-5ms
t
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Figure 1.5:  The main processes in combustion of solid fuel –coal fines 
particle [1] 
 
Particle size has been found to be an important parameter with respect to the 
dominant reaction mechanism and other thermal behaviour. The rate of heating 
which can control the release of volatiles depends on particle size. As the coal 
particles are heated, moisture is driven off the coal particles [45]. The coal particles 
release volatile organic constituents. The volatile matter is combusted in the gas 
phase (homogenous reaction). This can occur prior to and simultaneously with 
combustion of the char particles, which is the last step. Combustion of the char is a 
surface (heterogeneous) reaction. These reactions are for the most part sequential, 
and the slowest of these will determine the rate of the overall process [45].  
 
In practice the combustion of solid fuels under non-ideal conditions is rarely 
complete and tends to produce emissions with a different profile than optimal 
combustion. Apart from increased CO emission that pose severe health risks, the 
presence of nitrogen, N, produces NOx emission and sulphur, S, will produces SOx 
emission [1] [44] both which are health risks. The formation of SOx emission during 
combustion of coal is illustrated in Figure 1.6. 
Coal-S (CS, S2, S, SH)
char
COS, CS2
H2S
SO SO2 SO3
O2, M
-SO4
SO2 molecule
radicals
SOx formation in coal fines combustion
 
Figure 1.6:  The processes in SOx formation by combustion of solid fuel [1] 
The NOx are formed by pyridines, pyrrole and aromatic amines including structures 
made of 2-5 fused aromatic rings [1] and from the air used for the combustion which 
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is primarily excess air which has a large quantity of nitrogen. For each kilogram of air 
consumed by fuel combustion about 3.76 kg of nitrogen is also used increasing NOx 
formation. A good combustion process is expected to consume a minimal volume of 
excess air in order to decrease the quantity of NOx emission.  
1.2.6 Summary 
Coal is an organic fossil fuel which its precausors include moss, microalgae, lower 
plant forms as well as wood. It is likely to remain an important source of energy in 
the future. The mining of coal is the main source of several millions tons of coal fines 
dumped around coal processing companies worldwide. These dumped coal fines are 
considered as waste because it has no practical use at the moment. Co-firing of coal 
with biomass has shown some improvement in the combustion of coal. Therefore 
blending coal, charcoal and microalgae biomass could be another way of improving 
coal combustion which can help reduce the coal emission. This approach may be 
useful to Eskom and Sasol which are among top producers of dumped coal fines in 
South Africa. 
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Chapter 2 
EXPERIMENTAL 
 
The experimental chapter provides details of the materials and procedures for the 
formulation of coal fines/microalgae, coal fines/charcoal and coal 
fines/charcoal/microalgae blends. It gives details of the instrumentation and 
procedures used in the laboratory analyses of raw materials and blends explains 
how the combustion characteristics were determined. 
2.1 Materials 
The coal fines used in this investigation were supplied by Eskom from its Izibulo 
mine in Mpumalanga, South Africa. Wood charcoal was purchased from Charka 
industries, while microalgae were cultivated at InnoVenton in a hanging-bag photo-
bioreactor (PBR) [37]. Table 2.1 below provides details of these raw materials.  
 
Table 2.1:  Raw materials (see section 2.4 for analytical details). 
Material Source Chemical composition 
Coal-fines Eskom C75-90 H4.5-5.5N1-1.5S1-2 O5-20 [19] 
Wood Charcoal Charka Ind. C100 H85N1S0.3 O21 [46] 
Micro-algae 
biomass 
InnoVenton  C48-50 H7-9N8.7-9S0.55-1 O21-30 [37]  
 
2.2 Instrumentation 
Table 2.2 provides a list of equipment used during the investigation. Operational 
procedures are provided in the actual description of experimental procedures. 
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Table 2.2:  Instruments and equipment  
Instrument Details Specification Serial  
Number 
Calibration & 
Certificate # 
Gallenkamp Drying 
Oven 
OV-330 14551 2011 – 10 - 04 
OSK 111829 
Nabertherm Furnace 
Oven 
S-17 2007405 2011 – 10 - 04 
OSK 111830 
Mettler Balance – 
Electronic 
PE 160 PE 160 2011 – 10 - 04 
OSK 111827 
Pricisa Balance – 
Electronic 
125 A SCS 15081 2011 – 10 - 04 
OSK 111831 
Thermometer- Digital 
+ Probes 
MT 630 3391010 2011 – 10 - 10 
OSK 111842 
Leco O2 Bomb 
Calorimeter 
AC 600 3234 Pre-Run 
Calibration 
Standards 
Supplied 
CHNS elementar EL CUBE  
Pre-Run 
Calibration 
Standards 
Supplied 
Smart Trac Solids 
Analyzer 
CEM System-5 907875 
Pre-Run 
Calibration 
Standards 
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Supplied 
Particle Size Analyzer 
Malvern Master 
Sizer 
 
Pre-Run 
Calibration 
Standards 
Supplied 
Ball (Disc) mill 
Siebtechnik TS-
250 
UPE 1004863 ID No. 20197 
Hermle Centrifuge Z383 30110018 
Pre-Run 
Calibration 
Standards 
Supplied 
XRF-EDXRAY, 
PAnalytical 
Epsilon-3 94301425192 
Pre-Run 
Calibration 
Standards 
Supplied 
  
2.3 Sampling and sample preparation  
2.3.1 Coal fines and charcoal  
Sampling technique and preparation impacts on the test result of an analytical 
sample.  
Coal fines were received as a single sample in a 200 kg drum and the sample was 
collected at random horizontal points and at varying depths with a cylindrical pipe 
from the drum.  
Charcoal was purchased in 5 kg paper bags and was cleaned of wood and non-
charcoal debris by hand picking.  
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The coal fines sample was de-agglomerated manually using sieves of 1000 μm, 500 
μm, 250 μm, 180 μm and 106 μm mesh sizes. The sub-106 μm particle size sample 
(that passed through the 106 μm sieve) was collected and stored in a container with 
lid. 
Charcoal lumps were crushed with a hammer mill and sized as described above for 
coal fines. The sub-106 µm sample was stored in a separate container as above. 
2.3.1.1 Determination of percentage free moisture 
The percentage free moisture content is needed to calculate the correct dry mass of 
samples required in formulations.  
About 5 g mass was taken from the coal fines and charcoal samples prepared as 
described in section 2.3.1 and the percentage free moisture was determined with the 
Smart trac, CEM system-5. Using a spatula approximately 1 g of each sample was 
uniformly spread on adsorbent test pads specified for the test. Each sample was 
placed on the centre of the balance on the Smart trac and the initial mass was 
recorded. The free moisture content in terms of weight loss due to evaporation by 
heating the sample to 100 °C for 5 minutes was recorded. The percentage free 
moisture was calculated using: 
       
  
  
    ......................................................................................... (2.1) 
Where,  
F.M = free moisture, wl = loss in weight and ws = original weight of sample.  
2.3.1.2 Final sample preparation 
Each of the previously prepared coal fines and charcoal fines samples was aerated 
in an open wooden box separately for approximately an hour to acclimatise 
preceding further preparation.  
After acclimatisation, an approximate mass of 10kg was taken from each wooden 
box and milled separately using a disc mill Siebtechnik TS-250. The aim was to 
achieve a particle size range averaging around 53 μm. Each sample was put into the 
grinding vessel at separate times and was ground by impact and friction. The milling 
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was repeated to achieve the required micron particle sizes. Precaution: Nose mask 
and gloves were used because coal dust can cause throat irritation. 
The particle size of the milled coal and charcoal-fines was determined separately 
using a Malvern Master sizer. Approximately 5 g concentrated solution each of coal 
fines (3.6 g/cm3) and charcoal fines samples (2 g/cm3) were mixed with a wetting 
agent respectively. ϒ-alumina and SiO2 were added and stirred to enhance 
dispersion. A laser diffraction beam was passed through the samples to measure the 
particle sizes based on the diffracted angles of scattered light.  
2.3.2 Microalgae biomass sampling 
The preparation of microalgae biomass is one of the most critical steps in the 
process. The sample was a mixed species composition of Chlorophyceae which was 
dominated by chlorella sp. and scenedesmus sp.  
2.3.2.1 Sample preparation 
The aim was to get rid of unused nutrients and excess water in order to attain a 
workable (slurry) concentrated microalgae solution since unused nutrients and 
excess water could affect the fuel chemistry.  
Freshly harvested microalgae biomass was centrifuged using a Hermle centrifuge Z-
383. Approximately 200 ml was transferred into each centrifuge tube and centrifuged 
at 4500 rpm for approximately 10 minutes. The sample was removed and the 
supernatant was decanted and replaced with distilled water.  The algal pellet was 
then re-suspended by stirring with a glass rod and re-centrifuged. The method was 
repeated three times in all treatments to ensure that the biomass was properly 
separated from residual nutrients and excess water. 
The final cleaned microalgae biomass was collected and the percentage solid was 
determined as described in section 2.3.1.1 for free moisture but was calculated as: 
                ..................................................................................... (2.2) 
Where, S = dry solid content and F.M = free moisture content. 
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The results obtained were used to calculate the mass concentration (g/l) of 
microalgae biomass in concentrated slurries in water for the preparation of fuel 
mixtures.  
2.3.3 Formulation of fuel mixtures  
The constituent coal fines, charcoal samples and microalgae biomass were prepared 
as described in section 2.3.1 and section 2.5.  Several blends of fuel containing 
varying amounts of coal, and/or charcoal, and/or microalgae biomass were prepared 
according to a D-optimal design (See section 2.5). To illustrate the procedure for 
producing these blends, the preparation of a 50:30:20 coal: charcoal: microalgae 
blend is described below. All other blends were prepared in the same manner. 
2.3.3.1 Preparation of fuel blends  
For fuel blends containing microalgae biomass, a microalgae slurry in water 
containing 187.155 g/l of biomass (dry-weight basis) was prepared as described in 
section 2.3.2.1. The coal fines sample had a moisture content of 6.09 % and the 
charcoal sample 5.17 % moisture. Both the coal and charcoal samples were 
prepared as described in section 2.3.1.2. Freshly prepared microalgae biomass 
slurry (0.154 litres; 28.82 g) was measured into a container and stirred to ensure 
consistent slurry without lumps. Coal fines (53.02 g) were then added gently to avoid 
splashing and homogenised continuously for 15 minutes. This was followed by 
charcoal (31.55 g) followed by a further 20 minutes of homogenisation. The mixture 
so obtained was centrifuged and dried in an oven at 105 oC until a moisture content  
of less than 5.0 mass % was obtained. 
2.4 Analysis and Characterisation  
Similar procedure were used for the analysis of the raw materials and the fuel 
blends. To obtain a dry microalgae biomass sample, a volume of slurry as prepared 
previously was centrifuged to isolate a wet paste which was then divided into two 
portions. One portion was dried in an oven at 60°C overnight, while the other portion 
was freeze-dried at about -40 °C for at least 12 hours. Both samples were analysed 
separately.  
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2.4.1 Proximate analysis 
Proximate analysis is a quantitative assay of the inherent moisture, ash, volatile 
matter and fixed carbon contents of solid fuels. All the proximate analyses were 
conducted according to ASTM D-3172-3179.  
2.4.1.1 Determination of inherent moisture content  
Using separate moisture crucibles for coal fines, charcoal fines and microalgae, 
approximately 1g of each sample was accurately weighed into pre-weighed crucibles 
and loaded into a Gallenkamp OV-330 drying oven. Samples were incubated at 107 
± 3 °C for 1 hour.  The samples were removed, placed in desiccators and allowed to 
cool for 15 minutes before re-weighing. The test was repeated at least five times for 
each sample. The percentage moisture is the inherent moisture (I.M) in the sample 
(expressed as a percentage) and was calculated using the following equation: 
      
     
   
            ........................................................................... (2.3) 
Where, 
 c = sample starting weight and f = sample weight after drying, F.M =free moisture 
(as per section 2.3.1.1). 
2.4.1.2 Determination of ash content  
Ash is the mineral residue from pyrolysis of an analytical sample under specified 
conditions. It is mainly composed of oxides and sulphates [47].  
Using different ash crucibles, about 1g of each sample was accurately weighed into 
pre-weighed ash crucibles and the samples loaded into a Nabertherm furnace S-17, 
pre-heated to 750 °C. The samples were heated at 750 oC for 4 hours. The samples 
were removed and placed in desiccators to cool to room temperature for 
approximately 15 minutes. They were reweighed and the percentage ash was 
calculated using the following equation [47]. 
    
  
  
             ................................................................................. (2.4) 
Where, 
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 wa =weight of ash, wd = weight of dried sample, I.M =inherent moisture as per 
section2.4.1.1. 
2.4.1.3 Determination of volatile content  
The volatile matter comprises the combustible gaseous portion (and excludes water 
vapour) of the sample. It was determined according to ASTM-3175/ISO 562 [47]. 
Approximately 1 g of each sample was accurately weighed into individual volatile 
determination crucibles (pre-weighed) and covered with a lid. The samples were 
incubated at 950 ± 20 °C for 7 minutes in a Nabertherm furnace S-17. The crucibles 
were removed and placed on a metal block to dissipate heat for about 2 minutes.  
The samples were put into desiccators and allowed to cool for a further 15 minutes 
before being re-weighed. The weight loss was calculated as the percentage volatile 
matter using the following formula [47]:  
      
     
  
            ................................................................ (2.5) 
Where, 
V.M = Volatile matter, wi =initial weight, wf =final weight and I.M =inherent moisture. 
2.4.1.4 Determination of fixed carbon  
Fixed carbon is the combustible carbon portion and an approximate measure of the 
heat (thermal coke) contained in the sample [47].  
The fixed carbon content was calculated as the percentage residual sample mass 
after subtracting inherent moisture, volatile matter and ash: 
                           ........ ........................................ (2.6) 
Where,  
FC =fixed carbon, I.M = inherent moisture as per section 2.4.1.1, V.M = volatile 
matter as per section 2.4.1.3 and A = ash as per section 2.4.1.4. 
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2.4.2 Ultimate analysis  
The ultimate analysis shows the primary elements in a substance (carbon, hydrogen, 
oxygen, nitrogen, sulphur, and the elemental composition of the ash) [48]. It is used 
to evaluate the combustion and possible catalysis by metals. 
2.4.2.1 C H N S analysis 
The fuel components (C and H) and source of NOx and SO2 (N and S) are used in 
stoichoimetric combustion calculations. 
  
Approximately 5 g of each sample prepared as described in section 2.3 was 
homogenised using a mortar and pestle. Micro-samples (~5 mg – accurately 
weighed) were combusted using the Vario EL Cube elementar at approximately 
1200 °C (with Oxygen injection). The NOx formed was reduced to N₂ upon contact 
with copper [49]. The combustion products CO2, SO2, H₂O and N2 were adsorbed 
separately by specific adsorption columns [49]. The gases were released individually 
by an argon carrier, their elemental concentrations calculated from the detector 
response signal and sample weight. The concentration was converted to percentage 
weight of respective elements. 
2.4.2.2 Determination of percentage Oxygen  
The percentage O2 within the sample matrix was calculated as a weight difference 
according to the ASTM D-3176 test for coal as follows [47]: 
  2                        .......................................................... (2.7) 
Where,  
C = carbon, H = hydrogen, N = nitrogen and S = organic sulphur as determined in 
section 2.4.2.1. 
NB: Accuracy of the % FC and % O2 are determined by the precision of other 
parameters. 
2.4.2.3 Determination of elemental composition  
The elemental composition includes all the elements in each sample as well as the 
traces. 
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About 5 g of each prepared sample from section 2.3 was homogenised as in section 
2.4.2.1. Then, 5 mg (micro-samples) was analysed using the PANalytical Epsilon-3 
ED-XRF to quantify the elemental composition by the principle of characteristic 
diffraction. Every element has a unique diffraction pattern when it is exposed to x-ray 
fluorescence light. The percentage weight of each element was recorded with the 
instrument’s software. The resultant ash described in section 2.4.1.2 for each sample 
was also analysed.  
 
Some precautionary measures taken include: 
1. Allow x-ray tube to stabilize for about an hour before analysis.  
2. Free hands from sodium chloride. XRF is extremely sensitive to salt. 
2.4.3 Determination of energy content  
The energy value of each ingredient constitutes the total energy content of the 
formulated fuel which was determined using the ASTM-D5865-07 test for coal [50].  
The gross heat of combustion was established with a Lecco AC600 series bomb 
calorimeter. Approximately 1 g each of the prepared samples from section 2.3 was 
accurately weighed into a combustion crucible. The crucible was inserted into the 
holder while the thread on the ignition wire was allowed to touch the sample. Oxygen 
was supplied into the bomb at about 3200 k P or 450 psi pressure. The bomb was 
closed tightly and inserted onto the calorimeter vessel.  The bomb was allowed to 
equilibrate with water at about 3 - 5 °C for 1.5 minutes.  The samples were pre-fired 
for 0.5 minutes and ignited at about 25 °C. The firing temperature changes by 
approximately 7.5 °C for every 4.75 minutes increase in time for the Tru-speed used. 
The sample mass was entered into the computer software and the sample fired.  
The heat of combustion per unit mass of fuel combusted in oxygen can be 
expressed as the gross (at constant volume) or the net heat (at constant pressure of 
0.101MPa) at 25 °C. The net and gross heats of combustions at 25 °C are related as 
shown in Eqn (2.8) [50].  
              ...................................................................................... (2.8) 
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Where, 
 Qn, = net heat of combustion, at constant Pressure 
Qg = gross heat of combustion, at constant Volume (Qa v d in MJ/kg) 
H = mass % of hydrogen in the sample 
The gross heat of combustion was calculated as [50]:  
         
                         
 
   
  
                         
 
  ........................................................................... (2.9) 
 
Where, 
 Q a v d = Q gross, (MJ/kg) 
K = average Tru-Speed calibration factor (no unit). 
m = mass of sample (g) and n = time interval in minutes, 
∆T max = (∆T max - ∆T min) = maximum change in 
o C, recorded during the main time 
period and 
e1, e2, e3, e4 = are energy (MJ) of the nitrogen, fuse wire, spike material and un-
combusted carbon correction respectively for analysis of the sample [50].  
                                                       
Where, ETS(c) = calculated energy of sample based on thermodynamic model of 
calorimeter (MJ/ o C), 
Kv b (n) = thermal conductance of the combustion vessel to the bucket (J/ 
o C), 
Tv (n) = calculated temp of the combustion vessel at time interval n (
o C), 
Cv (n) = heat capacity of the vessel (J/ 
o C), 
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Tb (n) = measured temperature of the bucket at time interval n (
o C), 
2.4.4 Determination of combustion characteristics  
The combustion performance of samples was evaluated by measuring the so-called 
comprehensive combustion property index (CCP or S-factor).  
2.4.4.1 Determination of the CCP  
The thermogravimetric analytical method (TA or TGA) was used to obtain the CCP.  
Approximately 10 g of sample (Section 2.3) was ground with a mortar and pestle for 
10 minutes. The ground samples were dried in a conventional Gallenkamp OV-330 
oven at about 105 °C. The dried samples were removed after 2 hours and cooled in 
desiccators for 15 minutes.  
Then approximately 5 mg of each cooled sample was weighed into an aluminium 
crucible. The samples were weighed on Mettler Toledo Stare version 6, TG 851 
furnace/microbalance and the initial weight was recorded. The instrument was set to 
isothermal combustion at 40 °C, for about 5 minutes. The air flow rate was 20 
ml/minute. The combustion profile was recorded from 40 °C using a heating rate of 
15 °C per minute up until 900 °C.  
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Figure 2.1:  Typical DTA combustion profiles for ingredients and blends 
 
A typical TG/DTG curve for the combustion of a typical blended sample is shown in 
Figure 2.1. According to the variation in the combustion profile, four distinct stages of 
the combustion profile may be identified, namely de-watering (A), de-volatilization 
and burning (B), char combustion (C), and burn-out (D).  From these curves one may 
obtain several important combustion parameters, namely the ignition temperature 
(Tig), the peak temperature (Th) where the rate of combustion (dm/dt) is at maximum 
and the burnout temperature (Tb), see arrow near D, where combustion is complete. 
Xiumin et al [51] defined the so-called comprehensive combustion property index 
(CCP) (Eqn. (2.10)) by reference to the above combustion properties: 
   
 
 
 
  
 
  
  
 
     
        
          
         
  
  
 
  
  
      
  
  
     
          
 .......(2.10) 
Where: 
R = Universal gas constant; 
E = Activation energy; 
 (dm/dt) max = maximum burning velocity,  
(dm/dt) mean = mean burning velocity,  
Tig = ignition temperature, 
T h = peak temperature 
In Eqn. (2.10), R/E represents the reactivity of the coal (the smaller the activation 
energy, the higher the reactivity). The value of (dm/dt)/ (dm/dtT=Tig) represents the 
rate of mass change at the ignition temperature and the faster it is, the faster the 
process of ignition. The value (dm/dtmean)/Th is the ratio of mean combustion rate 
over burnout temperature and the higher the value, the faster the coal combustion 
goes to completion. The value of S therefore represents a combined measure of 
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ease of ignition, combustion rate, and time to completion of combustion. The higher 
the value of the S index the better the fuel. 
To calculate the S-Factor, a straight line is drawn on the tangent of the TG curve in 
figure 2.1 along the de-volatilization/burning stage (stage B). Another straight line is 
drawn on the tangent of the TG curve along the char combustion stage (C) as 
shown. The point at which these two lines meet indicates the ignition temperature 
(Tig). In fig.2.1 the ignition temperature is approximately 672 K.  The burnout 
temperature is determined in a similar manner by drawing a line along the mass 
stabilisation section (burnout stage D) of the TG curve and determining the point 
where this line meets the line drawn along stage (C). The values of dm/dtmax and 
dm/dtmean can be obtained from the actual TG data.  
2.5. Experimental design for the preparation of fuel blends 
A mixture experimental design (D-optimal design) was used to study the effect of 
charcoal and/or microalgae biomass addition to fine coal on the combustion 
properties of the coal. In a mixture experimental design, all possible blends are 
evaluated in such a way that the fractions of components in the different mixtures are 
always equal to one.  In this way, the variation in the experimental response can be 
interpreted in terms of the relative proportions of the blend components, irrespective 
of the nature of the components. In the present work, the aim was to evaluate the 
effect of either charcoal or microalgae biomass, or both, on the combustion 
characteristics of coal. As a result, a lower limit of 70% coal was selected as the 
minimum amount of coal that could be present in any fuel blend. In addition, the 
upper limit for microalgae biomass was restricted to 20 mass% in view of the cost of 
microalgae biomass relative to coal. When using constraints such as these, a D-
optimal design is a very powerful tool for estimating the influences of the proportions 
of components on the measured property using the least amount of experiments and 
by allowing the calculation of model parameters with the minimum amount of bias.  
Table 2.3 on the following page shows the details of the D-optimal design used 
during this investigation. 
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Table 2.3: D-optimal design details for fuel blends  
 Coal fines Charcoal Microalgae 
Blend 
No. 
[w/w] % [w/w] % [w/w] % 
1 100 0 0 
2 90 0 10 
3 85 15 0 
4 85 15 0 
5 100 0 0 
6 80 0 20 
7 80 0 20 
8 70 20 10 
9 70 30 0 
10 70 10 20 
11 75 20 5 
12 75 10 15 
13 80 10 10 
14 70 30 0 
 
The design contains a total of 14 blends, with four of the blends being replicated in 
order to allow the estimation of pure experimental error. The thermochemical 
behaviour of each of the 14 blends was determined by TG analysis as described in 
section 2.4. 
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Chapter 3 
RESULTS AND DISCUSSION 
This chapter is divided into three areas namely: 
1. Analysis and characterisation of coal, charcoal and microalgae biomass raw 
material; 
2. The thermochemical behaviour of coal, charcoal and microalgae biomass 
ingredients; and 
3. The investigation of the thermochemical behaviour of mixtures of coal, 
charcoal, and microalgae biomass using response surface methodologies. 
 
3.1 Analysis and Characterisation of raw materials 
3.1.1 Proximate analysis 
Proximate analysis of fuels such as coal involves the quantification of moisture 
content, volatile matter, fixed carbon and ash which is mainly used to rank fuels in 
terms of quality. The particle size and proximate analysis results of the three raw 
materials used during this study are summarised in Table 3.1 and Table 3.2 
respectively.  
Table 3.1: Particle size analyses results of ingredients 
Material Coal fines Charcoal fines Microalgae 
Particle size 62.74 µm 75.73 µm < 53 µm [51] 
 
Particle size analysis was done as described in section 2.3.1.2. The estimated 
particle size of microalgae was approximately 9.74 µm smaller than the coal fines 
and 22.73 µm less than charcoal. 
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Table 3.2: Proximate analyses result of ingredients 
Sample I.M (%) 
±0.01 
VM (%) 
±0.7 
FC (%) 
±0.25 
Ash (%) 
±0.05 
HHV (MJ/kg) 
Coal 
6.24 27.25 43.66 22.85 22.37 
6.12 27.66 43.44 22.78 22.33 
6.24 27.76 43.44 22.86 22.40 
Coal-
Average 
6.20 27.56 43.51 22.83 22.37 
Charcoal 
5.38 23.20 65.52 5.90 27.22 
5.25 23.27 65.63 5.85 27.26 
5.23 23.32 65.59 5.86 27.25 
Charcoal-
Average 
5.29 23.26 65.58 5.87 27.24 
Microalgae * 5.68 75.59 12.38 6.36 22.04 
Microalgae** 6.33 76.21 11.58 5.88 21.07 
I.M = inherent moisture; V M = volatile matter; FC = fixed carbon; H H V = energy value (dry basis);* = 
oven dried and ** = freeze dried microalgae biomass. 
 
Table 3.2 shows that the volatile matter in microalgae biomass is approximately 2.7 
times higher than coal fines and 3.2 times higher than in charcoal. Coal typically has 
a volatile matter: fixed carbon ratio (VM/FC) of < 1.0 [20]. The ratios obtained for the 
microalgae biomass are 6.11 and 6.58 for oven dried and freeze-dried microalgae, 
respectively. These ratios for microalgae are typical of biomasses, which have a 
VM/FC ratio > 4.0. These values suggest that the blending of microalgae biomass 
into coal, or coal-charcoal mixtures should improve the combustion process as it has 
been reported that a volatile content of at least 35 % during co-combustion is 
preferable in order to provide a stable combustion flame [21]. Table 3.2 further 
shows that the percentage fixed carbon in microalgae biomass is approximately 25 
% that of coal fines and 19 % that of charcoal, but its energy content is about 80 % 
that of charcoal and virtually the same as coal.   
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3.1.2 Ultimate analysis 
The results of the ultimate analysis of the three raw materials are summarised in 
Table 3.3. 
 
Table 3.3:  The CHNS results for coal, charcoal and microalgae  
Material Carbon 
(%) 
Hydrogen 
(%) 
Nitrogen 
(%) 
Sulphur 
(%) 
Oxygen 
(%) 
Coal fines 57.16 3.40 0.95 0.44 38.05 
 56.16 3.56 1.31 0.61 38.36 
 56.45 3.47 1.30 0.59 38.19 
Coal 
Average 
56.59 3.48 1.19 0.55 38.20 
Charcoal 72.69 3.31 0.63 0.00 23.37 
 73.32 3.25 0.63 0.00 22.80 
 73.42 3.27 0.65 0.00 22.66 
Charcoal 
Average 
73.14 3.28 0.64 0.00 22.94 
Microalgae 
(oven dried) 
48.18 7.58 5.74 0.55 37.95 
 48.02 7.45 6.02 0.67 37.84 
 47.64 7.93 5.12 0.48 38.83 
Microalgae 
Average 
47.95 7.65 5.63 0.57 37.90 
 
Table 3.3 shows that the carbon content of microalgae is about 84 % that of coal and 
65 % that of charcoal. However, the microalgae biomass has about 2.3 times higher 
hydrogen content than coal fines and charcoal. Similarly, the nitrogen content of the 
microalgae biomass is about 4.7 times higher than in coal fines and about 8.8 times 
higher than in charcoal. The sulphur content of the microalgae biomass is equivalent 
to that of the coal fines. No sulphur was detected in charcoal. The oxygen content in 
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microalgae biomass is approximately equal to that in the coal fines but is about 1.6 
times the amount found in charcoal. These differences will impact on the ignition 
temperature, rate of combustion, degree of combustion, energy produced, and NOx 
and SOx emissions. 
3.2 Thermochemical behaviour of raw materials 
The thermochemical behaviour of fuels may be investigated by means of 
thermogravimetric analysis under combustion conditions (oxygen atmosphere) and 
this provides information regarding the ignition temperature (Tig), the burn-out 
temperature (Tb), the mean burning velocity between Tig and Tb, the maximum or 
peak combustion rate, the temperature (Th) at the peak combustion rate, as well as 
the de-watering and de-volatilization temperatures. As indicated section 2.4.4, these 
properties may be used to evaluate the comprehensive combustion property index. 
The amount of ash formed can also be used for further evaluation. 
3.2.1 TG and DTG results 
Typical TG and DTG profiles for the coal, charcoal, and microalgae biomass are 
shown in Figures 3.1 - 3.3, respectively.  
44 
 
 
 
 
Figure 3.1:  TG and DTG combustion profiles for coal  
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Figure 3.2:  TG and DTG combustion profiles for charcoal  
 
Figure 3.3:  TG and DTG combustion profiles for microalgae biomass  
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The TG graph depicts the mass of fuel consumed with increasing temperature. The 
curves for coal and charcoal have a similar physical appearance, but the curve for 
microalgae differs substantially from those for coal and charcoal. The DTG curves of 
the above combustion profiles (see Figure 3.4 for an overlay of the DTG curves for 
all three raw materials), which compare the rates of combustion as a function of 
increasing temperature, show somewhat more detail than the combustion profiles. 
The DTG curves for coal and charcoal are again similar in shape, each showing 
essentially three thermal events: Stage A corresponding to the dewatering stage; 
Stage B corresponding to the de-volatilization stage, and; Stage C corresponding to 
the combustion stage. The curve for the microalgae biomass, however, differs 
substantially from those for coal and charcoal. Thus, at least five thermal events may 
be observed. These are: - Stage A corresponding to the dewatering stage; Stage B 
corresponding to the de-volatilization stage, and three combustion stages C1, C2, 
and C3. It is not clear whether the high-temperature event (at around 1000 K) is an 
actual combustion event or an instrumental phenomenon since no similar event 
could be found in the literature for coal combustion. Table 3.4 summarises the 
temperature ranges for the different thermal events identified from the DTG curves 
for coal, charcoal, and microalgae. 
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Figure 3.4:  Overlay of DTG curves for coal. Charcoal and microalgae biomass 
Table 3.4: Temperature ranges for combustion stages 
Stage 
Temperature range (K) 
Coal Charcoal Microalgae 
A 300 - 578 300 – 541 300 - 425 
B 578 – 665 541 - 597 425 – 490 
C1 665 - 976 597 - 834 490 – 624 
C2 Nil Nil 624 – 760 
C3 Nil Nil 760 - 869 
3.2.2 Estimation of S-values for coal, charcoal, and microalgae 
biomass 
The main combustion characteristics, namely ignition temperature, burn-out 
temperature, temperature at peak combustion rate, peak combustion rate and mean 
combustion rates of the three raw materials as derived from the thermogravimetric 
combustion profiles are summarised in Table 3.5. With the exception of microalgae, 
the ignition temperatures (Tig) identified from the TG curves using the method 
described in section 2.4.4.1 corresponds closely with the beginning of Stage C as 
identified in Table 3.4 above. 
Table 3.5: The combustion properties of raw materials 
combustion properties Coal Charcoal Microalgae 
Tig (K) 669.00 601.00 443.00 
Tb (K) 1048.00 997.00 950.00 
(dm/dt)mean (% Mass/min)  2.60 3.30 2.60 
(dm/dt)max (% Mass/min) 5.70 10.30 11.10 
Th (K) 842.03 739.89 661.06 
S-Value (x 108) 3.16 9.44 15.48 
Ash (%) 24.76 4.02 3.24 
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Tig = ignition temp.; Tb = burn out temp.; [dm/d t] mean = mean combustion velocity between Tig and 
Tb; Th = Temperature at maximum combustion rate; [dm/dt] max = Maximum combustion rate. 
Microalgae biomass ignites at lower temperature (443 K) than charcoal (550 K) and 
coal fines (669 K). Coal fines burns out later (1048 K) than microalgae biomass 
(950 K) and charcoal (997 K). Microalgae biomass has the highest peak 
combustion rate (11.10 % mass/min) followed by charcoal (10.30 % mass/min) and 
coal fines (5.70 % mass/min). The burn out ash of charcoal (4.02 %) and 
microalgae biomass (3.24 %) is significantly lower than for coal (24.76 %).  
A comparison of the comprehensive combustion property index values (S-values) of 
the three raw materials show that microalgae has the highest S-value of the three 
individual fuels suggesting that the microalgae biomass has a better combustion 
behaviour  than coal fines  and charcoal. 
3.2.3 Kinetic analysis 
The combustion kinetics of solid fuels may be explained in terms of a two-stage 
reaction scheme [53] [54] namely: 
Solid  Char + Gas ………………………………………………………………… (3.1) 
Char  Gas + Ash…………………………………….………………..………….. (3.2) 
These two reactions are governed by the mass action law (Eqn. 3.3) and the 
Arrhenius law (Eqn. 3.4): 
  
  
      ……………………………………………………………………….. (3.3) 
         ……………………………………………………………………… (3.4) 
Where, f(x) is the model for the reaction mechanism, k is the rate constant, A is the 
pre-exponential factor (min-1), E is the activation energy (kJ.mol-1), R is the gas 
constant (8.314 J.K-1.mol-1). T is the temperature (K), t is the time (minutes), and x is 
the mass fraction which is calculated according to Eqn. 3.5: 
                    …………………………………………………………… (3.5) 
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Where, m0 is the initial mass of the sample (after loss of inherent moisture), mt is the 
mass at time = t, and mf is the final mass of the sample. 
 
For a constant rate of heating, β = dT/dt (K.min-1), Eqn. 3.3 may be rewritten as: 
  
    
  
 
 
  ……………………………………………………………………………… (3.6) 
The temperature dependence of the rate constant may be introduced by replacing k 
in Eqn. 3.6 with the Arrhenius equation: 
  
    
  
 
 
    
 
       ………………………………………………………………… (3.7) 
Integration of Eqn. 3.7 between the limits 0 – x, and T0 – T gives: 
   
    
  
     
  
     
   
 
 
   
 
  
…………………………………………….……… (3.8) 
The function g(x) depends on the mechanism controlling the combustion reaction as 
well as the size and shape of the particles being combusted. Table 3.6 on the next 
page summarises various expressions for g(x) [55]. These expressions represent the 
basic functions usually used for the kinetic study of solid-state reactions. By fitting 
the various functions of g(x) in a plot of ln [g(x)/T2] vs. 1/T, the reaction mechanism 
governing the combustion process may be deduced by determining which plot gives 
the best straight line. In addition, the activation energy, E, can be calculated from the 
slope of the line given by –E/R. By determining the temperature at which mt = (mo – 
mf)/2, the pre-exponential factor, A, can also be calculated [56]. 
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Table 3.6: Basic expressions for g(x) 
Mechanism and Model G(x) 
Reaction Order 
O1 Ln[1/(1-x)] 
O2 1/(1-x) 
O3 1/(1-x)2 
Phase boundary controlled mechanism 
R2 1-(1-x)1/2 
R3 1-(1-x)1/3 
Diffusion mechanism 
D1 x2 
D2 (1-x)ln(1-x) + x 
D3 [1-(1-x)1/3]2 
D4 1-2x/3-(1-x)2/3 
 
In this work only the first-order model (O1) was fitted to the data since the aim was to 
identify the main thermal events rather than the elucidation of the actual reaction 
mechanism. The latter forms a part of a different project currently underway. Thus, 
when model O1 is fitted to the data for coal, a reasonable straight-line fit (Figure 3.5) 
is obtained (R2 = 0.9962). This shows that in earlier suggestions that there is only a 
single combustion event for coal (following dewatering and devolatilization) is 
probably correct. 
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Figure 3.5: Plot of ln [ln1/(1-x)/T2] versus 1/T for coal 
When the same plot (Figure 3.6) is made for charcoal, however, there appear to be 
two closely spaced combustion events instead of only one single event. While the 
first combustion event clearly fits the first order (O1) model (R2 = 0.9996), the second 
combustion event does not as shown by the curvature in the plot. 
 
Figure 3.6: Plot of ln [ln1/ (1-x)/T2] versus 1/T for charcoal 
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As expected, the plot of ln (g(x)/T2) for microalgae (Figure 3.7) is considerably more 
complex showing five different thermal events. Of these, only the first two events 
(probably corresponding to de-volatilization and the gas-phase combustion of 
volatiles) appear to follow first order (model O1) kinetics with R2 = 0.9994 and 0.997, 
respectively. 
 
Figure 3.7: Plot of ln [ln1/(1-x)/T2] versus 1/T for microalgae 
 
3.3 Thermochemical behaviour of fuel blends 
The thermochemical behaviour of the fuel blends (see paragraph 2.5 for details) 
were determined in the same manner as for the individual raw materials as 
described above and the results obtained are described in the following paragraphs. 
3.3.1 Thermogravimetric combustion profiles 
The TG and DTG profile of each blend are shown in Figures 3.8-3.15 (TG    and TG   
). The raw data from which the figures are constructed are given in the appendix.  
R² = 0.9994
R² = 0.997
R² = 0.9266
R² = 0.9401 R² = 0.9773
-16
-15.5
-15
-14.5
-14
-13.5
-13
-12.5
-12
0.001 0.0012 0.0014 0.0016 0.0018 0.002 0.0022 0.0024
ln
(g
(x
)/
T2
)
1/T
53 
 
 
 
Figure 3.8:  TG and DTG combustion profiles for 90% coal – 10% microalgae 
blend 
 
Figure 3.9:  TG and DTG combustion profiles for 85% coal – 15% charcoal 
blend 
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Figure 3.10:  TG and DTG combustion profiles for 80% coal – 20% microalgae 
blend 
 
Figure 3.11:  TG and DTG combustion profiles for 70% coal – 20% charcoal – 
10% microalgae blend 
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Figure 3.12:  TG and DTG combustion profiles for 70% coal – 30% charcoal 
blend 
 
Figure 3.13:  TG and DTG combustion profiles for 70% coal – 10% charcoal – 
20% microalgae blend 
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Figure 3.14:  TG and DTG combustion profiles for 75% coal – 20% charcoal – 
5% microalgae blend 
 
Figure 3.15:  TG and DTG combustion profiles for 80% coal – 10% charcoal – 
10% microalgae blend 
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
0
20
40
60
80
100
120
300 400 500 600 700 800 900 1000 1100
d
m
/d
t 
(%
m
as
s/
m
in
)
%
 M
as
s
Temperature (K)
0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
0
20
40
60
80
100
120
0 10 20 30 40 50 60
d
m
/d
t 
(%
m
as
s/
m
in
)
%
 M
as
s
Time (min)
57 
 
 
In order to illustrate the effect of adding increasing amounts of charcoal to coal, 
Figure 3.16 provide an overlay of the DTG curves for coal (no charcoal), coal with 
15% charcoal, and coal with 30% charcoal. 
 
Figure 3.16:  Overlay of DTG curves for coal, coal with 15% charcoal and coal 
with 30% charcoal. 
From Figure 3.16 it can be seen how the addition of charcoal in increasing amounts 
to coal lowers the ignition, peak, and burn-out combustion temperatures. 
Interestingly the shape of the combustion profile becomes increasingly 
unsymmetrical with increasing amounts of charcoal, suggesting the presence of two 
separate combustion events. 
In the case of the addition of increasing amounts of microalgae biomass to coal 
(Figure 3.17), a similar trend in ignition, peak and burn-out temperatures is observed. 
In this case, however, the shape of the combustion profile remains symmetric, 
suggesting only a single combustion event. 
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Figure 3.17:  Overlay of DTG curves for coal, coal with 10% microalgae 
and coal with 15% microalgae. 
 
3.3.2 Estimation of the S-values for fuel blends 
The main combustion characteristics, namely ignition temperature, burn-out 
temperature, temperature at peak combustion rate, peak combustion rate and mean 
combustion rate, of fuel blends as derived from the thermogravimetric combustion 
profiles are summarised in Table 3.7. The Table also list the composition of each 
blend in the format xC-yCh-zA, where C = coal and x the percentage coal in the 
blend, Ch = charcoal and y the percentage charcoal in the blend, and A = microalgae 
and z is the percentage microalgae in the blend. 
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Table: 3.7 The thermochemical properties of fuel blends  
Bl
en
d 
# 
Blend Tig  
(K) 
Tb 
(K) 
dm/dtm
ean 
(%mas
s/min) 
dm/dtmax 
(%mass/
min) 
Th 
(K) 
S  
(x 10
8
) 
Ash 
(%) 
1 100C-00Ch-00A 669.00 1048.00 2.60 5.70 842.03 3.16 24.76 
2 90C-00Ch-10A 628.00 1035.00 2.60 7.10 821.29 4.52 20.69 
3 85C-15Ch-00A 634.00 1030.00 2.80 7.70 808.67 5.21 20.31 
4 85C-15Ch-00A 634.00 1030.00 2.80 7.80 808.67 5.28 20.31 
5 100C-00Ch-00A 669.50 1043.83 2.60 4.81 846.32 3.00 24.72 
6 80C-00Ch-20A 629.00 954.00 3.20 6.30 803.43 5.34 22.60 
7 80C-00Ch-20A 629.00 954.00 3.20 6.30 798.99 5.51 22.60 
8 70C-20Ch-10A 629.00 1090.00 2.40 6.20 803.51 3.45 19.49 
9 70C-30Ch-00A 629.00 1099.00 2.50 6.60 777.79 3.79 14.73 
10 70C-10Ch-20A 624.00 1030.00 2.50 6.10 807.15 3.80 22.58 
11 75C-20Ch-05A 629.00 1086.00 2.60 6.40 807.86 3.87 16.60 
12 75C-20Ch-05A 629.00 1086.00 2.60 6.40 807.86 3.87 16.60 
13 80C-10Ch-10A 634.00 1094.00 2.50 6.50 807.65 3.70 17.49 
14 70C-30Ch-00A 629.00 1099.00 2.50 6.60 790.78 3.79 14.73 
 
The results shown in Table 3.7 above indicate that the addition of microalgae 
biomass and/or charcoal improved the combustion characteristics of coal. This is 
indicated by the increase in the value of the comprehensive combustion index (S-
value) when compared with blends 1 and 5 (coal only). The above results were 
obtained according to a D-Optimal mixture experiment design (Section 2.5) and the 
statistical analysis of this design is described below. 
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3.3.3 Derivation of the response surface model 
The proposed response surface model is given by: 
1 1 2 2 3 3 4 1 2 5 1 3 6 2 3 7 1 2 3Y X X X X X X X X X X X X               …. (3.9) 
Where: 
iX  are the main effects:    
X1 = Proportion of coal in the blend, X2 = proportion of Charcoal in the blend and X3 = 
proportion of algae in the blend. 
The 
i jX X  are the two factors interactions, and 
The
i j kX X X , is a three factor interaction. 
The experimental error is given by . 
The i , are the regression coefficients which are to be estimated by least squares 
linear regression methods given by Eqn (3.10)     
bi = (X
tX)-1Xty ……………………………………………………………………..…… 
(3.10) 
Where    
    Xt = the transpose of the model matrix, X; 
    (Xt X)-1 = the inverse of the product matrix (Xt X); 
    y = the column vector of experimental responses; and   
    bi = the column vector of model parameters (effects).  
The data was analysed with the statistical software package Design-Expert (version 
5.0.9). 
The results of the linear least squares fitting of Eqn. (3.9) to the S-value data are 
summarised in Table 3.7. 
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Table 3.7:  Summary of regression results – S-Values showing the predicted 
coefficients of the proposed response surface model (equ. 3.9) 
Predicted 
coefficient 
Factor 
Coefficient 
Estimate 
Std. Error t- Value p-Value 
b1 Coal (C) 3.06 0.0646 47.4402 0.0000 
b2 Charcoal (Ch) -50.69 2.5188 -20.1235 0.0000 
b3 Algae (A) -16.71 6.3377 -2.6362 0.0336 
b4 C-Ch 80.37 3.5353 22.7345 < 0.0001 
b5 C-A 39.17 7.9668 4.9161 0.0017 
b6 Ch-A 701.03 84.1754 8.3283 < 0.0001 
b7 C-Ch-A -1069.49 113.4336 -9.4283 < 0.0001 
 
In Table 3.8, the (positive) values for the coefficient for the three two-way interaction 
between coal, charcoal and microalgae show that the addition of either charcoal or 
microalgae improves the S-value for coal. However, there appears to be an 
antagonistic effect (negative value for the C-Ch-A coefficient) when charcoal and 
microalgae are mixed simultaneously with coal relative to the effect that either 
charcoal or microalgae would have on their own. 
The Analysis of Variance [57] [58] for the predicted model (Eqn. 3.11), containing the 
above terms is shown in Table 3.9. 
1 1 2 2 3 3 4 1 2 5 1 3 6 2 3 7 1 2 3Yˆ b X b X b X b X X b X X b X X b X X X       ....................... (3.11)  
Where Yˆ = the predicted comprehensive combustion characteristic, CCP or S-value 
and b1 – b7 are the predicted regression coefficients. 
Equation (3.11) serves as a prediction formula to obtain estimated S-values within 
the experimental domain. A measure of the quality of the prediction is the coefficient 
of determination, given by R2 = 0.9936 (see Table 3.9). This means that the model 
explains 99.36 % of the variation in the observed data. 
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Substituting the estimated coefficients in the model (3.11) will give the following 
prediction formula: 
ˆ 3.06 50.69 16.71 80.37 . 39.17 . 701.03 . 1069.49 . .S C Ch A C Ch C A Ch A C Ch A        
...(3.12) 
Where Sˆ is the predicted S-value and C, Ch, and A are as defined above. 
The model validation is summarised as: 
Table 3.9: ANOVA – Response surface model for S-value 
Source of 
variation 
Sum of 
Squares 
Degrees 
of 
Freedom 
Mean 
Square 
F-value Prob > F 
Model 9.2451 6 1.54085 181.16 < 0.0001 
Residual 0.0595 7 0.008506   
Lack of Fit 0.0310 2 0.015481 2.71 0.1596 
Pure Error 0.0286 5 0.005715 - - 
Cor Total 9.3046 13 - - - 
R-Squared 0.9936 
 
The low p-value for the model (<0.0001) shows that the model fits the data very well 
(as is also indicated by the R-squared value of 0.9936). There is also no indication of 
any lack-of-fit in the model since the p-value for lack-of-fit > 0.1. A plot of the 
standard residual on normal probability scale (Figure 3.18) show no deviation from 
linearity which indicates that the data is normally distributed. There are also no 
outliers in the data set (Figure 3.19) since all the residuals fall within two standard 
deviations from zero. 
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Figure 3.18:  Normal probability plot of residuals 
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Figure 3.19:  Outlier t-plot of residuals 
Figure 3.20, which shows a plot of the observed S-values versus predicted S-values, 
indicates that the proposed model fits the observed data well. The linear regression 
trend line has a gradient of one and all the observed S-values fall within the 95% 
prediction interval. 
  
 
 
 
 
 
 
 
 
Figure 3.20: Plot of observed S-values versus predicted S-values     
 
The validation plots indicated that the model fits the observation and can be used 
for prediction of comprehensive combustion characteristic, CCP or S – values, 
evaluate combustion properties and calculate mass of components of similar fuels. 
3.3.4 Prediction of maximum S-values 
Having derived and validated a response surface model for blends of fuel comprising 
coal (not less than 70 % by mass), charcoal (up to 30 % by mass) and microalgae 
biomass (up to 20 % by mass) it is now possible to estimate the best fuel (in terms of 
combustion kinetics as defined by the comprehensive combustion property index). 
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Finding the best S-value (highest S-value) was attempted using the built-in 
optimisation function of Design-Expert using the following combinations (Table 3.10) 
as starting points for the iterative calculation. 
Table 3.10: Starting blend combinations for optimisation 
Coal Charcoal Microalgae 
0.95 0.03 0.03 
0.84 0.11 0.05 
0.70 0.16 0.14 
0.73 0.21 0.06 
0.70 0.24 0.06 
0.82 0.16 0.02 
0.72 0.10 0.18 
0.72 0.09 0.18 
0.71 0.27 0.01 
0.85 0.14 0.01 
 
Each optimisation was run for 10 cycles and two solutions were found (Table 3.10). 
Table 3.11: Predicted blends for maximum S-values 
Solutions 
Blend Composition 
Predicted response 
Coal Charcoal Microalgae 
1 0.80 0.00 0.20 5.38 
2 0.83 0.17 0.00 5.27 
 
The results of the Design-Expert optimisation confirms previous observations that 
either of charcoal or microalgae improves the combustion properties of coal, but that 
they should not be used together in the same blend. The outcome that a mass 
percent of 20 % microalgae (dry-weight basis) is optimum to improve the combustion 
characteristics of coal should, however still be interpreted with caution. The reason 
for this observation is that, unlike mixtures of coal and charcoal which involves 
grinding together pre-weighted and pre-determined quantities of dry solids, mixtures 
of coal and microalgae are prepared by allowing the microalgae to absorb onto the 
surface of the fine coal. This process is difficult to control and is influenced by 
several factors that include the particle size of the fine coal (i.e. the available surface 
area on the coal), and the state of the microalgae used. As example, microalgae 
biomass that is first subjected to refrigeration prior to absorption onto coal absorbs 
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much less efficiently, probably as a result of the re-arrangement of surface active 
groups on the microalgae cell wall. A careful consideration of the percentage ash 
after combustion, Table 3.7 shows that the expected decrease in ash content with 
increasing microalgae loadings was not according to expectation.  
3.3.5 Kinetic analysis  
Despite the fact that the combustion DTG curves for blends of coal and charcoal 
(see figure 3.16) indicate that there may be two separate combustion events, kinetic 
analysis of the data for two blends (85% coal – 15% charcoal, and 70% coal – 30% 
charcoal) indicates that the data fits the first order reaction model (model O1) fairly 
well. Figures 3.21 and 3.22 show the plots of ln(g(x)/T2) vs. 1/T for these two blends 
and in each case there is a good straight-line fit (R2 = 0.9951 and 0.9987, 
respectively). 
 
Figure 3.21: Plot of ln (g(x)/T2) vs. 1/T for the 85% coal – 15% charcoal blend 
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Figure 3.22: Plot of ln (g(x)/T2) vs. 1/T for the 70% coal – 30% charcoal blend 
In the case of coal and microalgae blends there is no longer any indication of 
multiple combustion events as was the case for microalgae alone (Figures 3.23 and 
3.24). In addition, plots of ln (g(x)/T2) versus 1/T clearly show that the combustion of 
these blends does not follow first order kinetics. 
 
Figure 3.23: Plot of ln (g(x)/T2) vs. 1/T for the 90% coal – 10% microalgae blend 
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Figure 3.24: Plot of ln (g(x)/T2) vs. 1/T for the 80% coal – 20% microalgae blend 
3.4 Concluding remarks 
The results described in this chapter clearly highlighted the differences in the 
combustion of coal, charcoal, and microalgae biomass, as well as differences in the 
combustion of blends of these three components. Thus, coal undergoes a single 
combustion event which follows first-order kinetics, charcoal displays two closely 
related combustion events, both events following first-order kinetics. Microalgae, 
however, shows a complicated combustion profile with five different thermal events 
of which only the first two appear to follow first-order kinetics. 
The combustion of blends of charcoal and coal also appear to follow first-order 
kinetics despite indications from the combustion DTG profiles that there may be two 
separate events. It is not unlikely that two events do indeed exist but that they are 
too closely associated to be distinguished from the plots of ln (g(x)/T2) used to 
qualitatively identify the reaction kinetics. On the other hand, the plots for coal and 
microalgae blends clearly showed that the combustion of these blends does not 
follow first-order kinetics. 
A response surface modelling exercise to model the combustion behaviour of blends 
of coal, charcoal, and microalgae using the so-called comprehensive combustion 
property index as response variable was also attempted. The comprehensive 
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combustion property index is an attempt to define a combined property that 
measures several kinetic performance aspects of solid fuels during combustion, 
including the temperature of ignition, the mean combustion rate, the maximum 
combustion rate and the burn-out temperature. A D-optimal design was used for the 
purposes of the modelling exercise in order to provide a robust experimental design 
despite having multiple constraints (coal cannot be lower than 70 % by mass, 
microalgae cannot be more than 20% by mass) in the design. The analysis of the 
results obtained from the thermogravimetric study of the combustion of these blends 
gave a model that fitted the data surprisingly well (despite difficulties in defining 
ignition temperature consistently for all blends). Using the model to predict an 
optimum blend (in terms of combustion kinetics) showed that either charcoal or 
microalgae biomass can be used to improve the combustion kinetics of coal, but that 
they should not be used together. 
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Chapter 4 
SUMMARY AND RECOMMENDATION 
 
Coal is a major source of heat for indoor use in townships as well as industrial 
energy generation and would in all likelihood continue to be an important energy 
source for the foreseeable future. However, the mining and processing of coal 
results in the formation of significant amounts (up to 20% by mass of the total 
amount of coal mined) of very fine coal (particle size < 150 µm) that currently has no 
or limited practical use or commercial value. The loss of this coal not only represents 
a significant economic loss, but also presents significant environmental and health 
and safety problems. As a result, such ultra-fine discard coal needs to be treated by 
the coal mining and processing industry to limit both environmental impact and 
health and safety concerns, usually by stockpiling such discard coal in dams or 
stockpiles covered with soil to minimize risk. Since the discard coal is already in a 
finely divided state, it represents an ideal opportunity for modification to upgrade the 
quality of such coal and to improve the combustion characteristics of the coal. The 
work described in this dissertation considered one such potential option by 
considering the impact of the addition of charcoal and/or microalgae to such finely 
divided coal.  
The approach followed is rather unique in that blends of coal and microalgae 
involved absorbing microalgae directly onto the surface of the fine coal instead of 
mixing dry coal and microalgae biomass together as is currently the practice for 
producing blends of coal and biomass. This approach also complicated the work to 
some extent in that it is difficult to control the adsorption process of microalgae onto 
coal. During the work it became apparent (as for example indicated by comparing 
residual ash contents from combustion studies for different blends of coal and 
microalgae) that the microalgae do not always adsorb onto coal to the same extent. 
Recent work (in an associated project) suggests that changes in the surface 
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properties of microalgae (for example by refrigeration, or cultivation in high-salt 
solutions) limit their interaction with coal particles. 
The results of the thermogravimetric study of the combustion of coal, charcoal and 
dry microalgae demonstrated the significant difference between the combustion 
behaviour of coal and charcoal on the one hand, and microalgae biomass on the 
other. While the combustion process for coal consists of one reaction (following 
simple first-order kinetics), charcoal displays two closely associated combustion 
processes, both following first-order kinetics. Microalgae biomass on the other hand 
showed five individual combustion steps of which only the first two appeared to 
follow first-order kinetics. This observation is in agreement with similar observations 
for the combustion of other types of biomass, albeit with less complexity compared to 
microalgae biomass. The blending of coal, charcoal and microalgae showed that 
blends of coal and charcoal combust in a manner similar to the individual 
constituents. Blends of coal and microalgae displayed far less complexity (in terms of 
the number of combustion events), but the combustion still did not follow first-order 
kinetics as for coal or coal-charcoal blends. 
Analysis of the so-called comprehensive combustion property index for coal, 
charcoal, microalgae and blends of these showed that the addition of charcoal and 
microalgae to coal has a significant impact on such properties as ignition 
temperature, combustion rate, and burn-out temperature. Thus, the combustion 
behaviour of coal may be improved significantly by the addition of either charcoal, or 
microalgae to coal. Interestingly, response surface modelling of the combustion 
behaviour of blends of coal, charcoal, and microalgae showed that it is 
counterproductive to have charcoal and microalgae present in a blend 
simultaneously.  
The response surface model derived from a D-optimal mixture design suggests that 
the addition of charcoal, or microalgae biomass, to coal results in a synergistic 
interaction that improves the combustion properties of coal. However, the presence 
of both charcoal and microalgae biomass in the same blend results in an 
antagonistic interaction.  
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The results obtained during this investigation opens up the way for much more 
detailed investigations into the co-combustion of coal and microalgae biomass. 
Firstly, more detailed kinetic analyses need to be performed on the combustion of 
coal – microalgae blends so as to elucidate the mechanism of combustion in much 
more detail and to determine whether the observed synergistic effect of microalgae 
biomass on coal combustion is simply the result of the easier combustion of biomass 
on coal combustion, or whether a much more complex synergism exists. The latter is 
strongly suggested by the results described in this work (e.g. the observed change in 
reaction kinetics for coal – microalgae blends). 
Second, combustion studies under real-life conditions need to be carried out in detail 
in order to determine whether the observed improved combustion behaviour of coal 
when even small amounts of microalgae are present (e.g. 10 % by mass) have any 
impact on the emissions during combustion. Plans are currently in place to 
investigate the impact of this on coal emission in a pilot plant. Any reduction in NOx, 
SOx and PAH emissions could be significant in determining whether blends of coal 
and microalgae biomass could provide a cleaner fuel for household use (particularly 
in South Africa where so many people are still using coal for household purposes).  
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APPENDIX 
Table (A): Thermographic data for coal “A” combustion 
Coal 
“A” 
                    
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 26.5894 5.0038   1260 350.931 4.793   2520 661.17 1.4099 
18 28.775 5.0549   1278 355.505 4.7869   2538 665.305 1.3918 
36 33.6914 5.0652   1296 360.081 4.78   2556 669.455 1.3773 
54 38.7575 5.061   1314 364.648 4.7721   2574 673.625 1.3655 
72 43.774 5.0518   1332 369.198 4.7632   2592 677.815 1.3562 
90 48.8417 5.0393   1350 373.762 4.7537   2610 682.011 1.3489 
108 53.8475 5.0243   1368 378.32 4.7432   2628 686.219 1.3431 
126 58.8319 5.0079   1386 382.868 4.7317   2646 690.426 1.3389 
144 63.7415 4.9918   1404 387.415 4.7193   2664 694.646 1.3359 
162 68.6091 4.9763   1422 391.956 4.7062   2682 698.871 1.3341 
180 73.4094 4.9618   1440 396.495 4.6923   2700 703.094 1.3322 
198 78.1752 4.9488   1458 401.042 4.6775   2718 707.326 1.3318 
216 82.8657 4.9369   1476 405.625 4.6622   2736 711.565 1.331 
234 87.5497 4.9263   1494 410.263 4.6459   2754 715.806 1.33 
252 92.1987 4.9168   1512 414.898 4.629   2772 720.042 1.3287 
270 96.8359 4.9083   1530 419.595 4.6104   2790 724.257 1.3235 
288 101.46 4.9003   1548 424.279 4.591   2808 728.49 1.3134 
306 106.07 4.893   1566 428.935 4.5702   2826 732.725 1.3016 
324 110.664 4.8863   1584 433.587 4.5476   2844 736.957 1.2891 
342 115.269 4.88   1602 438.248 4.5238   2862 741.189 1.2778 
360 119.853 4.8739   1620 442.92 4.4977   2880 745.421 1.269 
378 124.439 4.8666   1638 447.577 4.4697   2898 749.649 1.2618 
396 129.035 4.8609   1656 452.24 4.4395   2916 753.887 1.2557 
414 133.646 4.8559   1674 456.91 4.4068   2934 758.122 1.25 
432 138.239 4.8516   1692 461.574 4.372   2952 762.36 1.2452 
450 142.841 4.8476   1710 466.235 4.3344   2970 766.59 1.2423 
468 147.433 4.844   1728 470.883 4.2943   2988 770.833 1.24 
486 152.05 4.8404   1746 475.518 4.2518   3006 775.063 1.239 
504 156.657 4.8373   1764 480.104 4.2063   3024 779.284 1.2388 
522 161.257 4.8342   1782 484.66 4.1582   3042 783.509 1.239 
540 165.88 4.8317   1800 489.203 4.107   3060 787.735 1.2393 
558 170.49 4.8291   1818 493.742 4.053   3078 791.966 1.24 
576 175.1 4.827   1836 498.265 3.9959   3096 796.187 1.24 
594 179.725 4.8249   1854 502.766 3.9364   3114 800.418 1.241 
612 184.342 4.823   1872 507.268 3.8743   3132 804.625 1.241 
630 188.964 4.8213   1890 511.778 3.8098   3150 808.842 1.2418 
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648 193.585 4.8198   1908 516.27 3.7429   3168 813.067 1.242 
666 198.216 4.8182   1926 520.756 3.6736   3186 821.805 1.243 
684 202.847 4.817   1944 525.229 3.602   3204 827.416 1.2437 
702 207.477 4.816   1962 529.686 3.5288   3222 831.941 1.244 
720 212.112 4.8151   1980 534.134 3.4532   3240 836.227 1.244 
738 216.747 4.8142   1998 538.562 3.3757   3258 840.331 1.244 
756 221.385 4.814   2016 542.97 3.2965   3276 844.814 1.2449 
774 226.025 4.8131   2034 547.362 3.2158   3294 848.984 1.245 
792 230.674 4.813   2052 551.74 3.1336   3312 853.235 1.245 
810 235.314 4.813   2070 556.1 3.0507   3330 857.618 1.245 
828 239.958 4.813   2088 560.42 2.9668   3348 861.984 1.245 
846 244.593 4.813   2106 564.726 2.882   3366 866.427 1.2451 
864 249.243 4.814   2124 569.031 2.7971   3384 830.83 1.2398 
882 253.885 4.8147   2142 573.319 2.7121   3402 792.103 1.2332 
900 258.524 4.8149   2160 577.58 2.6277   3420 755.338 1.2284 
918 263.168 4.815   2178 581.846 2.5437   3438 721.25 1.225 
936 267.81 4.816   2196 586.082 2.4608   3456 689.649 1.2218 
954 272.448 4.8168   2214 590.305 2.3792   3474 660.255 1.2192 
972 277.081 4.817   2232 594.533 2.2992         
990 281.726 4.818   2250 598.759 2.2209         
1008 286.359 4.8182   2268 602.969 2.1447         
1026 291 4.819   2286 607.17 2.071         
1044 295.631 4.819   2304 611.364 1.9991         
1062 300.263 4.819   2322 615.564 1.9298         
1080 304.888 4.819   2340 619.75 1.8629         
1098 309.512 4.8189   2358 623.937 1.799         
1116 314.129 4.818   2376 628.132 1.7382         
1134 318.749 4.8168   2394 632.299 1.6804         
1152 323.362 4.8152   2412 636.456 1.6266         
1170 327.968 4.8129   2430 640.608 1.5771         
1188 332.581 4.8106   2448 644.734 1.5325         
1206 337.177 4.807   2466 648.844 1.4934         
1224 341.764 4.8031   2484 652.96 1.4604         
1242 346.345 4.7986   2502 657.065 1.4325         
 
 
 
 
 
 
80 
 
 
Table (B): Thermographic data for charcoal combustion 
CHARCOAL                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 26.5918 4.381   1260 352.177 4.036   2520 660.354 0.3356 
18 28.8071 4.4336   1278 356.802 4.0136   2538 664.637 0.336 
36 33.7187 4.4475   1296 361.42 3.9891   2556 668.917 0.335 
54 38.7871 4.4459   1314 366.037 3.9625   2574 673.205 0.3331 
72 43.8138 4.4392   1332 370.658 3.9337   2592 677.485 0.3296 
90 48.85 4.4288   1350 375.292 3.9025   2610 681.763 0.3227 
108 53.8649 4.4147   1368 379.946 3.869   2628 686.027 0.3113 
126 58.8183 4.3989   1386 384.622 3.833   2646 690.283 0.296 
144 63.702 4.3818   1404 389.318 3.794   2664 694.536 0.277 
162 68.5376 4.3667   1422 394.032 3.752   2682 698.798 0.2556 
180 73.3246 4.3525   1440 398.785 3.7066   2700 703.068 0.2322 
198 78.0702 4.3404   1458 403.552 3.6572   2718 707.344 0.21 
216 82.771 4.3301   1476 408.345 3.6036   2736 711.646 0.1898 
234 87.4394 4.3212   1494 413.192 3.5442   2754 715.986 0.1799 
252 92.0967 4.3132   1512 418.089 3.4787   2772 720.272 0.178 
270 96.7229 4.3063   1530 423.035 3.4057   2790 724.521 0.1761 
288 101.335 4.2998   1548 428.008 3.3243   2808 728.772 0.1757 
306 105.949 4.2939   1566 433.006 3.234   2826 733.023 0.1742 
324 110.552 4.2884   1584 438.014 3.1347   2844 737.282 0.174 
342 115.147 4.2834   1602 443.035 3.0257   2862 741.531 0.1737 
360 119.727 4.2787   1620 448.049 2.9069   2880 745.788 0.173 
378 124.321 4.274   1638 452.962 2.7805   2898 750.034 0.1734 
396 128.906 4.2697   1656 457.716 2.65   2916 754.283 0.174 
414 133.51 4.2656   1674 462.359 2.5167   2934 758.526 0.174 
432 138.106 4.2616   1692 466.889 2.3819   2952 762.773 0.174 
450 142.684 4.2567   1710 471.336 2.2467   2970 767.038 0.174 
468 147.283 4.2516   1728 475.721 2.1117   2988 771.285 0.174 
486 151.886 4.2463   1746 480.074 1.9778   3006 775.55 0.174 
504 156.499 4.2409   1764 484.386 1.8457   3024 779.8 0.174 
522 161.097 4.235   1782 488.649 1.7158   3042 784.057 0.175 
540 165.648 4.2294   1800 492.891 1.589   3060 788.302 0.175 
558 170.228 4.2251   1818 497.133 1.4649   3078 792.553 0.175 
576 174.83 4.2218   1836 501.358 1.3437   3096 796.804 0.175 
594 179.454 4.2191   1854 505.579 1.2256   3114 801.086 0.175 
612 184.064 4.2167   1872 509.813 1.1102   3132 805.358 0.175 
630 188.703 4.2142   1890 514.016 0.998   3150 811.09 0.175 
648 193.328 4.2122   1908 518.172 0.8905   3168 817.391 0.176 
666 197.964 4.2104   1926 522.23 0.7901   3186 822.269 0.176 
684 202.597 4.2086   1944 526.182 0.6977   3204 826.715 0.1753 
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702 207.229 4.207   1962 530.051 0.6163   3222 831.05 0.175 
720 211.889 4.2054   1980 533.903 0.5463   3240 835.368 0.175 
738 216.537 4.204   1998 537.766 0.4871   3258 839.679 0.175 
756 221.186 4.2029   2016 541.62 0.4376   3276 844.005 0.175 
774 225.843 4.2016   2034 545.361 0.3987   3294 848.318 0.175 
792 230.507 4.2004   2052 549.151 0.3712   3312 852.699 0.175 
810 235.172 4.1997   2070 553.123 0.352   3330 857.058 0.175 
828 239.837 4.1987   2088 557.121 0.3393   3348 861.422 0.175 
846 244.511 4.198   2106 561.184 0.3318   3366 865.795 0.174 
864 249.185 4.197   2124 565.311 0.328   3384 870.154 0.174 
882 253.863 4.196   2142 569.571 0.3288   3402 874.357 0.174 
900 258.542 4.195   2160 573.89 0.329   3420 878.742 0.174 
918 263.222 4.1934   2178 578.218 0.329   3438 883.057 0.1737 
936 267.92 4.1923   2196 582.563 0.33   3456 887.424 0.173 
954 272.618 4.1906   2214 586.91 0.3308   3474 891.747 0.173 
972 277.31 4.189   2232 591.256 0.331         
990 282.007 4.1865   2250 595.608 0.3312         
1008 286.705 4.1844   2268 599.964 0.332         
1026 291.409 4.1812   2286 604.297 0.332         
1044 296.111 4.1771   2304 608.626 0.333         
1062 300.811 4.1724   2322 612.948 0.333         
1080 305.514 4.1668   2340 617.274 0.3336         
1098 310.218 4.1601   2358 621.59 0.334         
1116 314.903 4.1522   2376 625.912 0.334         
1134 319.6 4.1429   2394 630.232 0.3341         
1152 324.281 4.1324   2412 634.533 0.335         
1170 328.953 4.1205   2430 638.843 0.335         
1188 333.619 4.107   2448 643.15 0.3351         
1206 338.274 4.0918   2466 647.459 0.336         
1224 342.92 4.075   2484 651.763 0.336         
1242 347.554 4.0567   2502 656.064 0.3358         
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Table (C): Thermographic data for microalgae combustion 
MICROALGAE                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 26.5467 4.598   1260 351.144 2.566   2520 660.121 0.1531 
18 28.834 4.6512   1278 355.771 2.5284   2538 664.403 0.152 
36 33.7527 4.6628   1296 360.414 2.493   2556 668.685 0.1509 
54 38.7999 4.658   1314 365.015 2.4589   2574 672.953 0.15 
72 43.8168 4.6474   1332 369.6 2.424   2592 677.235 0.1491 
90 48.8673 4.6328   1350 374.238 2.2843   2610 681.501 0.149 
108 53.8782 4.615   1368 378.847 2.1426   2628 685.769 0.1489 
126 58.8453 4.596   1386 383.42 2.0332   2646 690.026 0.1481 
144 63.761 4.5761   1404 388.058 1.9171   2664 694.288 0.148 
162 68.6123 4.5567   1422 392.723 1.7633   2682 698.539 0.148 
180 73.3926 4.5375   1440 397.359 1.6243   2700 702.8 0.148 
198 78.1288 4.5184   1458 401.999 1.5487   2718 707.045 0.148 
216 82.8199 4.5   1476 406.631 1.5002   2736 711.286 0.148 
234 87.4937 4.4829   1494 411.283 1.4192   2754 715.523 0.148 
252 92.1278 4.465   1512 415.977 1.3911   2772 719.756 0.148 
270 96.76 4.4487   1530 420.658 1.3633   2790 724.186 0.148 
288 101.372 4.4326   1548 425.297 1.3334   2808 728.51 0.148 
306 105.982 4.4169   1566 429.824 1.3082   2826 732.768 0.148 
324 110.6 4.4017   1584 434.351 1.2632   2844 737.019 0.148 
342 115.196 4.3874   1602 438.814 1.2402   2862 741.264 0.148 
360 119.797 4.3735   1620 443.22 1.2146   2880 745.503 0.148 
378 124.393 4.3601   1638 447.619 1.1895   2898 749.743 0.148 
396 129.004 4.3472   1656 452.061 1.166   2916 753.981 0.148 
414 133.605 4.3349   1674 456.462 1.1429   2934 758.209 0.1485 
432 138.214 4.3228   1692 460.901 1.1191   2952 762.448 0.1489 
450 142.827 4.3111   1710 465.312 1.0968   2970 766.69 0.149 
468 147.425 4.2998   1728 469.727 1.07   2988 770.945 0.149 
486 152.038 4.2882   1746 474.134 1.047   3006 775.192 0.149 
504 156.654 4.2767   1764 478.551 1.0245   3024 779.44 0.149 
522 161.251 4.2651   1782 482.967 1.0024   3042 783.695 0.149 
540 165.87 4.2528   1800 487.398 0.9796   3060 787.942 0.1493 
558 170.476 4.24   1818 491.837 0.9566   3078 792.182 0.1492 
576 175.099 4.2267   1836 496.284 0.9327   3096 796.407 0.1495 
594 179.708 4.2126   1854 500.732 0.9041   3114 800.637 0.1498 
612 184.326 4.1974   1872 505.212 0.8787   3132 804.864 0.1498 
630 188.945 4.1809   1890 509.706 0.8521   3150 812.441 0.1502 
648 193.573 4.163   1908 514.208 0.8238   3168 818.085 0.1505 
666 198.181 4.1433   1926 518.723 0.7939   3186 822.638 0.1502 
684 202.808 4.1229   1944 523.227 0.7616   3204 826.95 0.15 
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702 207.441 4.1015   1962 527.738 0.727   3222 831.245 0.15 
720 212.072 4.0803   1980 532.232 0.6908   3240 835.548 0.15 
738 216.705 4.0594   1998 536.681 0.6521   3258 839.88 0.15 
756 221.353 4.0391   2016 541.091 0.6118   3276 844.234 0.15 
774 226.006 4.019   2034 545.461 0.5713   3294 848.601 0.1498 
792 230.649 3.9978   2052 549.765 0.53   3312 852.76 0.1493 
810 235.3 3.9754   2070 554.003 0.4911   3330 856.922 0.149 
828 239.954 3.9507   2088 558.22 0.454   3348 861.22 0.149 
846 244.6 3.9224   2106 562.421 0.42   3366 865.518 0.149 
864 249.264 3.8908   2124 566.614 0.3885   3384 869.985 0.1489 
882 253.917 3.8547   2142 570.812 0.3598   3402 874.254 0.148 
900 258.582 3.8149   2160 575.01 0.3339   3420 878.371 0.1478 
918 263.244 3.7703   2178 579.224 0.3104   3438 882.701 0.147 
936 267.924 3.7195   2196 583.44 0.2891   3456 887.044 0.1469 
954 272.608 3.6627   2214 587.654 0.27   3474 891.287 0.1456 
972 277.291 3.5986   2232 591.874 0.2525         
990 281.985 3.5275   2250 596.103 0.2374         
1008 286.662 3.4508   2268 600.336 0.2239         
1026 291.351 3.3715   2286 604.578 0.2119         
1044 296.017 3.2912   2304 608.819 0.2024         
1062 300.662 3.2117   2322 613.064 0.1937         
1080 305.293 3.1337   2340 617.315 0.1864         
1098 309.905 3.0583   2358 621.589 0.1806         
1116 314.514 2.9863   2376 625.857 0.1753         
1134 319.097 2.9185   2394 630.132 0.1707         
1152 323.667 2.8553   2412 634.415 0.1667         
1170 328.247 2.7966   2430 638.695 0.1633         
1188 332.811 2.7428   2448 642.977 0.1607         
1206 337.381 2.6937   2466 647.259 0.1579         
1224 341.965 2.6479   2484 651.543 0.156         
1242 346.542 2.6054   2502 655.831 0.1543         
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Table (D): Thermographic data for Blend -2 combustion 
[90% 10%] 
Run - 2                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 26.6872 5.051   1260 351.34 4.6827   2520 659.997 1.1355 
18 28.8842 5.1042   1278 355.913 4.6687   2538 664.281 1.1336 
36 33.7893 5.1176   1296 360.477 4.6538   2556 668.577 1.1319 
54 38.8403 5.1169   1314 365.012 4.6387   2574 672.86 1.1302 
72 43.9092 5.113   1332 369.546 4.6232   2592 677.13 1.129 
90 48.9786 5.1064   1350 374.086 4.607   2610 681.411 1.1278 
108 54.0165 5.0978   1368 378.646 4.5906   2628 685.686 1.1264 
126 59.0105 5.088   1386 383.255 4.5739   2646 689.959 1.1254 
144 63.9229 5.0778   1404 387.851 4.556   2664 694.223 1.124 
162 68.7641 5.0674   1422 392.464 4.538   2682 698.51 1.1229 
180 73.5453 5.0576   1440 397.117 4.519   2700 702.79 1.1198 
198 78.274 5.0485   1458 401.726 4.4995   2718 707.057 1.1135 
216 82.9588 5.04   1476 406.317 4.4791   2736 711.316 1.1054 
234 87.6184 5.0319   1494 410.941 4.4577   2754 715.577 1.0963 
252 92.2492 5.0244   1512 415.572 4.4352   2772 719.836 1.0872 
270 96.8792 5.0172   1530 420.215 4.4113   2790 724.096 1.079 
288 101.485 5.0106   1548 424.861 4.3861   2808 728.355 1.0723 
306 106.087 5.0042   1566 429.502 4.359   2826 732.619 1.0664 
324 110.681 4.9982   1584 434.145 4.3297   2844 736.877 1.0616 
342 115.274 4.9925   1602 438.82 4.2981   2862 741.135 1.0571 
360 119.873 4.987   1620 443.485 4.264   2880 745.395 1.0534 
378 124.465 4.9817   1638 448.174 4.2263   2898 749.643 1.0504 
396 129.053 4.9765   1656 452.836 4.1861   2916 753.897 1.048 
414 133.642 4.9712   1674 457.473 4.142   2934 758.141 1.0463 
432 138.238 4.9667   1692 462.075 4.0945   2952 762.386 1.045 
450 142.845 4.9624   1710 466.687 4.0439   2970 768.522 1.0445 
468 147.44 4.9581   1728 471.294 3.9899   2988 773.398 1.044 
486 152.047 4.9541   1746 475.901 3.9317   3006 777.825 1.043 
504 156.653 4.9502   1764 480.5 3.87   3024 782.143 1.043 
522 161.258 4.9467   1782 485.089 3.8041   3042 786.429 1.042 
540 165.877 4.9431   1800 489.671 3.7345   3060 790.714 1.042 
558 170.487 4.9399   1818 494.233 3.6612   3078 795.001 1.042 
576 175.114 4.9362   1836 498.791 3.5841   3096 799.814 1.0417 
594 179.732 4.9333   1854 503.358 3.5037   3114 804.427 1.0416 
612 184.354 4.9301   1872 507.922 3.4195   3132 808.827 1.0411 
630 188.974 4.9268   1890 512.494 3.3318   3150 813.167 1.041 
648 193.599 4.9242   1908 517.066 3.2403   3168 817.485 1.041 
666 198.228 4.9214   1926 521.622 3.1458   3186 821.796 1.041 
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684 202.863 4.9187   1944 526.127 3.0478   3204 826.078 1.041 
702 207.495 4.9159   1962 530.614 2.9477   3222 830.392 1.0414 
720 212.128 4.9131   1980 535.077 2.8452   3240 834.711 1.0416 
738 216.777 4.9103   1998 539.511 2.7407   3258 839.028 1.042 
756 221.409 4.9077   2016 543.914 2.6345   3276 843.64 1.042 
774 226.049 4.9045   2034 548.286 2.527   3294 848.191 1.042 
792 230.706 4.9018   2052 552.611 2.4191   3312 852.596 1.042 
810 235.345 4.8982   2070 556.875 2.3121   3330 857.116 1.042 
828 239.999 4.8948   2088 561.097 2.2063   3348 861.507 1.042 
846 244.644 4.8906   2106 565.272 2.1026   3366 865.928 1.0421 
864 249.292 4.8866   2124 569.416 2.0022   3384 870.299 1.042 
882 253.946 4.8821   2142 573.516 1.9058   3402 874.764 1.042 
900 258.603 4.8771   2160 577.596 1.814   3420 879.226 1.042 
918 263.264 4.8716   2178 581.644 1.7279   3438 883.695 1.042 
936 267.906 4.8655   2196 585.674 1.6472   3456 862.636 1.0395 
954 272.547 4.8592   2214 589.685 1.5726   3474 822.361 1.0318 
972 277.201 4.8527   2232 593.681 1.5045         
990 281.845 4.8454   2250 597.687 1.4429         
1008 286.484 4.8377   2268 601.706 1.3883         
1026 291.122 4.8293   2286 605.748 1.3404         
1044 295.768 4.82   2304 609.805 1.2992         
1062 300.419 4.8102   2322 613.862 1.2643         
1080 305.066 4.7998   2340 617.95 1.2353         
1098 309.715 4.7888   2358 622.072 1.2115         
1116 314.362 4.7778   2376 626.203 1.192         
1134 318.986 4.7666   2394 630.375 1.177         
1152 323.614 4.7559   2412 634.552 1.1654         
1170 328.242 4.7446   2430 638.75 1.1568         
1188 332.875 4.7338   2448 642.974 1.1501         
1206 337.506 4.7218   2466 647.229 1.145         
1224 342.132 4.7094   2484 651.496 1.1408         
1242 346.747 4.6963   2502 655.733 1.138         
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Table (E): Thermographic data for Blend -3 combustion 
  [85C- 
15 Ch- 
00A]                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 24.8 4.9233   1260 351.9 4.8136   2520 659.951 1.0823 
18 23.7 4.9249   1278 356.5 4.8023   2538 664.238 1.082 
36 23.5 4.9261   1296 361.1 4.7894   2556 668.518 1.081 
54 23.2 4.9276   1314 365.7 4.7751   2574 672.791 1.0801 
72 23 4.9289   1332 370.4 4.7597   2592 677.091 1.08 
90 22.8 4.93   1350 375 4.7426   2610 681.37 1.0795 
108 22.7 4.9315   1368 379.7 4.724   2628 685.654 1.079 
126 22.5 4.9327   1386 384.3 4.704   2646 689.927 1.0789 
144 22.3 4.9339   1404 389 4.6828   2664 694.19 1.078 
162 22.1 4.935   1422 393.6 4.6602   2682 698.446 1.0768 
180 22 4.9362   1440 398.2 4.6362   2700 702.695 1.0732 
198 21.8 4.9373   1458 402.9 4.611   2718 706.941 1.0661 
216 21.7 4.9386   1476 407.5 4.5842   2736 711.197 1.0572 
234 21.6 4.9399   1494 412.2 4.5559   2754 715.482 1.0474 
252 21.4 4.941   1512 416.8 4.526   2772 719.752 1.037 
270 21.3 4.9419   1530 421.5 4.4938   2790 724.015 1.0272 
288 21.2 4.9429   1548 426.2 4.4599   2808 728.292 1.0194 
306 21.1 4.944   1566 430.8 4.4227   2826 732.557 1.0142 
324 20.9 4.9449   1584 435.4 4.3835   2844 736.814 1.0101 
342 28.5 5.0517   1602 440 4.3409   2862 741.062 1.0067 
360 57.8 5.1872   1620 444.6 4.2948   2880 745.311 1.0043 
378 82.8 5.1226   1638 449.3 4.2459   2898 749.562 1.0025 
396 102 5.0502   1656 453.9 4.1929   2916 753.658 1.001 
414 116 4.9986   1674 458.6 4.1356   2934 757.858 1 
432 127 4.9627   1692 463.2 4.0736   2952 762.076 0.9997 
450 136 4.9377   1710 467.9 4.0071   2970 766.303 0.999 
468 143 4.9195   1728 472.6 3.9357   2988 770.539 0.999 
486 150 4.9057   1746 477.2 3.8587   3006 774.761 0.999 
504 155 4.8954   1764 481.9 3.7764   3024 779.004 0.999 
522 160 4.8874   1782 486.5 3.6883   3042 783.243 0.999 
540 165 4.8812   1800 491.2 3.5954   3060 787.472 1 
558 170 4.8761   1818 495.7 3.4982   3078 793.216 1 
576 175 4.8726   1836 500.3 3.3989   3096 799.449 1.0009 
594 180 4.8695   1854 504.8 3.2965   3114 804.258 1.0009 
612 184 4.867   1872 509.2 3.192   3132 808.613 1.001 
630 189 4.8649   1890 513.7 3.0857   3150 812.871 1.001 
648 194 4.8631   1908 518.1 2.9779   3168 817.145 1.001 
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666 198 4.8617   1926 522.5 2.8681   3186 821.443 1.001 
684 203 4.8604   1944 526.9 2.7569   3204 825.765 1.001 
702 208 4.8598   1962 531.3 2.6444   3222 830.136 1.0016 
720 212 4.859   1980 535.7 2.5307   3240 834.68 1.002 
738 217 4.8581   1998 540 2.4162   3258 839.073 1.002 
756 222 4.858   2016 544.3 2.302   3276 843.54 1.002 
774 226 4.858   2034 548.5 2.1888   3294 847.785 1.002 
792 231 4.8588   2052 552.7 2.078   3312 852.096 1.002 
810 236 4.859   2070 556.8 1.9703   3330 856.453 1.002 
828 241 4.8595   2088 560.9 1.8669   3348 860.836 1.0029 
846 245 4.8601   2106 564.9 1.7693   3366 857.597 1.0027 
864 250 4.8611   2124 569 1.6774   3384 820.072 0.9953 
882 255 4.8624   2142 572.9 1.5927   3402 781.458 0.9892 
900 259 4.8635   2160 576.9 1.5152   3420 745.237 0.9841 
918 264 4.8646   2178 580.9 1.4453   3438 711.7 0.9806 
936 269 4.866   2196 584.8 1.3827   3456 680.605 0.9771 
954 273 4.867   2214 588.8 1.3271   3474 651.645 0.9743 
972 278 4.868   2232 592.8 1.2788         
990 283 4.869   2250 596.9 1.2363         
1008 288 4.87   2268 600.9 1.2022         
1026 292 4.8703   2286 605 1.1737         
1044 297 4.8703   2304 609.1 1.1505         
1062 302 4.87   2322 613.2 1.132         
1080 306 4.8691   2340 617.4 1.1197         
1098 311 4.8678   2358 621.5 1.1102         
1116 316 4.8656   2376 625.8 1.1033         
1134 320 4.8624   2394 630 1.0981         
1152 325 4.8586   2412 634.3 1.0941         
1170 330 4.8537   2430 638.5 1.0911         
1188 334 4.8474   2448 642.8 1.0886         
1206 338 4.8403   2466 647.1 1.0864         
1224 343 4.8326   2484 651.4 1.0846         
1242 347 4.8238   2502 655.7 1.0835         
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Table (F): Thermographic data for Blend -3 combustion 
[85C- 
15 Ch- 
00A]                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 24.8 4.9233   1260 351.9 4.8136   2520 659.951 1.0823 
18 23.7 4.9249   1278 356.5 4.8023   2538 664.238 1.082 
36 23.5 4.9261   1296 361.1 4.7894   2556 668.518 1.081 
54 23.2 4.9276   1314 365.7 4.7751   2574 672.791 1.0801 
72 23 4.9289   1332 370.4 4.7597   2592 677.091 1.08 
90 22.8 4.93   1350 375 4.7426   2610 681.37 1.0795 
108 22.7 4.9315   1368 379.7 4.724   2628 685.654 1.079 
126 22.5 4.9327   1386 384.3 4.704   2646 689.927 1.0789 
144 22.3 4.9339   1404 389 4.6828   2664 694.19 1.078 
162 22.1 4.935   1422 393.6 4.6602   2682 698.446 1.0768 
180 22 4.9362   1440 398.2 4.6362   2700 702.695 1.0732 
198 21.8 4.9373   1458 402.9 4.611   2718 706.941 1.0661 
216 21.7 4.9386   1476 407.5 4.5842   2736 711.197 1.0572 
234 21.6 4.9399   1494 412.2 4.5559   2754 715.482 1.0474 
252 21.4 4.941   1512 416.8 4.526   2772 719.752 1.037 
270 21.3 4.9419   1530 421.5 4.4938   2790 724.015 1.0272 
288 21.2 4.9429   1548 426.2 4.4599   2808 728.292 1.0194 
306 21.1 4.944   1566 430.8 4.4227   2826 732.557 1.0142 
324 20.9 4.9449   1584 435.4 4.3835   2844 736.814 1.0101 
342 28.5 5.0517   1602 440 4.3409   2862 741.062 1.0067 
360 57.8 5.1872   1620 444.6 4.2948   2880 745.311 1.0043 
378 82.8 5.1226   1638 449.3 4.2459   2898 749.562 1.0025 
396 102 5.0502   1656 453.9 4.1929   2916 753.658 1.001 
414 116 4.9986   1674 458.6 4.1356   2934 757.858 1 
432 127 4.9627   1692 463.2 4.0736   2952 762.076 0.9997 
450 136 4.9377   1710 467.9 4.0071   2970 766.303 0.999 
468 143 4.9195   1728 472.6 3.9357   2988 770.539 0.999 
486 150 4.9057   1746 477.2 3.8587   3006 774.761 0.999 
504 155 4.8954   1764 481.9 3.7764   3024 779.004 0.999 
522 160 4.8874   1782 486.5 3.6883   3042 783.243 0.999 
540 165 4.8812   1800 491.2 3.5954   3060 787.472 1 
558 170 4.8761   1818 495.7 3.4982   3078 793.216 1 
576 175 4.8726   1836 500.3 3.3989   3096 799.449 1.0009 
594 180 4.8695   1854 504.8 3.2965   3114 804.258 1.0009 
612 184 4.867   1872 509.2 3.192   3132 808.613 1.001 
630 189 4.8649   1890 513.7 3.0857   3150 812.871 1.001 
648 194 4.8631   1908 518.1 2.9779   3168 817.145 1.001 
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666 198 4.8617   1926 522.5 2.8681   3186 821.443 1.001 
684 203 4.8604   1944 526.9 2.7569   3204 825.765 1.001 
702 208 4.8598   1962 531.3 2.6444   3222 830.136 1.0016 
720 212 4.859   1980 535.7 2.5307   3240 834.68 1.002 
738 217 4.8581   1998 540 2.4162   3258 839.073 1.002 
756 222 4.858   2016 544.3 2.302   3276 843.54 1.002 
774 226 4.858   2034 548.5 2.1888   3294 847.785 1.002 
792 231 4.8588   2052 552.7 2.078   3312 852.096 1.002 
810 236 4.859   2070 556.8 1.9703   3330 856.453 1.002 
828 241 4.8595   2088 560.9 1.8669   3348 860.836 1.0029 
846 245 4.8601   2106 564.9 1.7693   3366 857.597 1.0027 
864 250 4.8611   2124 569 1.6774   3384 820.072 0.9953 
882 255 4.8624   2142 572.9 1.5927   3402 781.458 0.9892 
900 259 4.8635   2160 576.9 1.5152   3420 745.237 0.9841 
918 264 4.8646   2178 580.9 1.4453   3438 711.7 0.9806 
936 269 4.866   2196 584.8 1.3827   3456 680.605 0.9771 
954 273 4.867   2214 588.8 1.3271   3474 651.645 0.9743 
972 278 4.868   2232 592.8 1.2788         
990 283 4.869   2250 596.9 1.2363         
1008 288 4.87   2268 600.9 1.2022         
1026 292 4.8703   2286 605 1.1737         
1044 297 4.8703   2304 609.1 1.1505         
1062 302 4.87   2322 613.2 1.132         
1080 306 4.8691   2340 617.4 1.1197         
1098 311 4.8678   2358 621.5 1.1102         
1116 316 4.8656   2376 625.8 1.1033         
1134 320 4.8624   2394 630 1.0981         
1152 325 4.8586   2412 634.3 1.0941         
1170 330 4.8537   2430 638.5 1.0911         
1188 334 4.8474   2448 642.8 1.0886         
1206 338 4.8403   2466 647.1 1.0864         
1224 343 4.8326   2484 651.4 1.0846         
1242 347 4.8238   2502 655.7 1.0835         
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Table (G): Thermographic data for Blend -6 combustion 
[80C- 
00 Ch- 
20A]                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 26.3 5.2202   1260 351.8 4.9628   2520 660.187 1.1952 
18 28.2 5.2765   1278 356.5 4.9482   2538 664.443 1.1901 
36 33 5.2941   1296 361.1 4.9327   2556 668.707 1.1865 
54 38 5.297   1314 365.8 4.9167   2574 672.951 1.1832 
72 42.9 5.2955   1332 370.4 4.8997   2592 677.2 1.1814 
90 47.8 5.2912   1350 374.9 4.882   2610 681.448 1.18 
108 52.7 5.2857   1368 379.5 4.8633   2628 685.707 1.1793 
126 57.4 5.2791   1386 384.1 4.8442   2646 689.959 1.1783 
144 62.2 5.2721   1404 388.7 4.8244   2664 694.216 1.1781 
162 66.9 5.2651   1422 393.3 4.8037   2682 698.482 1.178 
180 71.5 5.2583   1440 397.9 4.7821   2700 702.757 1.178 
198 76.2 5.2517   1458 402.5 4.7599   2718 707.011 1.1779 
216 80.9 5.2457   1476 407.1 4.7369   2736 711.266 1.1771 
234 85.7 5.2409   1494 411.7 4.7124   2754 715.51 1.1775 
252 90.5 5.236   1512 416.3 4.6868   2772 719.742 1.177 
270 95.5 5.2307   1530 420.9 4.66   2790 723.957 1.177 
288 100 5.2254   1548 425.5 4.6313   2808 728.186 1.1769 
306 105 5.22   1566 430.1 4.6005   2826 732.457 1.1762 
324 110 5.2148   1584 434.7 4.5677   2844 736.765 1.176 
342 115 5.2101   1602 439.4 4.5323   2862 741.018 1.176 
360 119 5.2056   1620 444 4.4943   2880 745.259 1.1756 
378 124 5.2013   1638 448.6 4.4533   2898 749.501 1.175 
396 129 5.1974   1656 453.2 4.4086   2916 753.739 1.175 
414 133 5.1936   1674 457.9 4.3607   2934 757.97 1.1746 
432 138 5.1902   1692 462.5 4.309   2952 762.202 1.174 
450 143 5.1869   1710 467.1 4.2537   2970 766.436 1.1735 
468 147 5.1836   1728 471.7 4.1943   2988 770.675 1.1723 
486 152 5.1808   1746 476.3 4.1314   3006 774.892 1.1681 
504 157 5.1781   1764 480.9 4.0648   3024 779.107 1.1595 
522 161 5.1755   1782 485.5 3.9948   3042 783.337 1.1485 
540 166 5.1731   1800 490 3.9213   3060 787.594 1.1387 
558 171 5.1708   1818 494.5 3.8447   3078 791.84 1.1299 
576 175 5.1684   1836 499 3.7656   3096 796.075 1.1227 
594 180 5.1664   1854 503.5 3.6834   3114 800.323 1.118 
612 184 5.1645   1872 508 3.5982   3132 804.554 1.1144 
630 189 5.1629   1890 512.5 3.5108   3150 808.781 1.112 
648 194 5.1612   1908 517 3.4204   3168 813.002 1.1102 
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666 199 5.1598   1926 521.5 3.327   3186 817.227 1.1093 
684 203 5.1582   1944 526 3.2298   3204 821.473 1.109 
702 208 5.157   1962 530.4 3.1309   3222 829.98 1.11 
720 213 5.1557   1980 534.8 3.032   3240 835.595 1.11 
738 217 5.1544   1998 539.1 2.9327   3258 840.092 1.1109 
756 222 5.1532   2016 543.4 2.8346   3276 844.37 1.111 
774 227 5.152   2034 547.7 2.7368   3294 848.412 1.111 
792 231 5.1509   2052 551.9 2.6395   3312 852.899 1.111 
810 236 5.1492   2070 556.2 2.5427   3330 857.11 1.111 
828 241 5.1474   2088 560.4 2.4472   3348 861.347 1.1118 
846 245 5.1456   2106 564.6 2.3527   3366 865.789 1.112 
864 250 5.1424   2124 568.8 2.2602   3384 870.163 1.112 
882 254 5.1401   2142 573 2.1694   3402 874.209 1.112 
900 259 5.1374   2160 577.2 2.0815   3420 858.642 1.1112 
918 263 5.1343   2178 581.4 1.9972   3438 819.428 1.1033 
936 268 5.1308   2196 585.6 1.9158   3456 780.465 1.0974 
954 273 5.1268   2214 589.7 1.838   3474 744.327 1.0933 
972 277 5.1223   2232 593.8 1.764         
990 282 5.1167   2250 598 1.6939         
1008 287 5.1102   2268 602.1 1.6288         
1026 291 5.1027   2286 606.2 1.5674         
1044 296 5.0942   2304 610.3 1.511         
1062 301 5.085   2322 614.5 1.4586         
1080 305 5.0752   2340 618.6 1.412         
1098 310 5.0657   2358 622.7 1.3696         
1116 315 5.056   2376 626.8 1.3324         
1134 319 5.046   2394 630.9 1.3011         
1152 324 5.036   2412 635.1 1.2738         
1170 329 5.0254   2430 639.2 1.2519         
1188 333 5.0145   2448 643.4 1.2344         
1206 338 5.0024   2466 647.5 1.2202         
1224 342 4.99   2484 651.7 1.2096         
1242 347 4.9768   2502 656 1.2013         
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Table (H): Thermographic data for Blend -8 combustion 
[70C- 
20 Ch- 
10A]                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 25.4 5.266   1260 351.9 5.0743   2520 660.136 1.1156 
18 24.2 5.2677   1278 356.5 5.0604   2538 664.361 1.1115 
36 24 5.2698   1296 361.2 5.045   2556 668.608 1.1086 
54 23.8 5.2717   1314 365.8 5.028   2574 672.863 1.1071 
72 23.5 5.2735   1332 370.5 5.01   2592 677.126 1.1052 
90 23.3 5.2749   1350 375.1 4.9904   2610 681.379 1.105 
108 23.1 5.2769   1368 379.8 4.9696   2628 685.631 1.1044 
126 22.9 5.2787   1386 384.4 4.9478   2646 689.886 1.1039 
144 22.8 5.2801   1404 389 4.9243   2664 694.133 1.104 
162 22.6 5.2819   1422 393.7 4.8995   2682 698.383 1.104 
180 22.4 5.2832   1440 398.3 4.8736   2700 702.635 1.104 
198 22.3 5.2849   1458 402.9 4.8464   2718 706.88 1.104 
216 22.1 5.2868   1476 407.6 4.8179   2736 711.12 1.104 
234 22 5.2882   1494 412.2 4.788   2754 715.381 1.103 
252 21.8 5.2897   1512 416.8 4.7561   2772 719.649 1.1035 
270 21.7 5.291   1530 421.5 4.7228   2790 723.903 1.1038 
288 21.6 5.2928   1548 426.2 4.687   2808 728.144 1.1033 
306 21.5 5.294   1566 430.8 4.6492   2826 732.387 1.1033 
324 21.4 5.2958   1584 435.5 4.6088   2844 736.631 1.103 
342 21.3 5.297   1602 440.1 4.5655   2862 740.876 1.103 
360 21.2 5.2982   1620 444.8 4.5201   2880 745.111 1.103 
378 21.1 5.2999   1638 449.4 4.4706   2898 749.406 1.103 
396 39.9 5.529   1656 454 4.418   2916 753.689 1.102 
414 72.2 5.5396   1674 458.6 4.3627   2934 757.953 1.102 
432 97.3 5.4502   1692 463.2 4.3029   2952 762.2 1.1016 
450 116 5.3758   1710 467.8 4.2398   2970 766.449 1.1011 
468 130 5.3256   1728 472.5 4.1724   2988 770.711 1.1 
486 141 5.2914   1746 477 4.101   3006 774.942 1.098 
504 150 5.267   1764 481.6 4.0256   3024 779.157 1.0926 
522 157 5.2486   1782 486.2 3.9462   3042 783.397 1.0832 
540 163 5.235   1800 490.7 3.8635   3060 787.643 1.0704 
558 169 5.2245   1818 495.2 3.777   3078 791.895 1.0568 
576 174 5.2168   1836 499.7 3.688   3096 798.821 1.0453 
594 179 5.2113   1854 504.2 3.5962   3114 804.712 1.0366 
612 184 5.2068   1872 508.6 3.503   3132 809.396 1.0317 
630 189 5.2032   1890 513 3.4084   3150 813.724 1.0284 
648 194 5.2005   1908 517.4 3.3117   3168 818.013 1.0261 
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666 198 5.1982   1926 521.8 3.2154   3186 822.312 1.0248 
684 203 5.1962   1944 526.2 3.1182   3204 826.618 1.024 
702 208 5.1944   1962 530.5 3.0207   3222 830.931 1.024 
720 212 5.1931   1980 534.8 2.9227   3240 835.249 1.025 
738 217 5.192   1998 539.1 2.825   3258 839.572 1.025 
756 222 5.191   2016 543.4 2.7278   3276 843.537 1.025 
774 226 5.19   2034 547.7 2.6319   3294 847.775 1.0259 
792 231 5.189   2052 551.9 2.536   3312 852.114 1.026 
810 235 5.189   2070 556.2 2.4418   3330 856.473 1.026 
828 240 5.188   2088 560.4 2.348   3348 860.716 1.0263 
846 245 5.188   2106 564.6 2.2563   3366 838.531 1.0237 
864 249 5.187   2124 568.8 2.167   3384 800.36 1.0159 
882 254 5.1869   2142 573 2.0799   3402 763.078 1.0103 
900 259 5.186   2160 577.2 1.9946   3420 728.257 1.0062 
918 264 5.185   2178 581.4 1.9135   3438 696.003 1.0032 
936 268 5.184   2196 585.5 1.8346   3456 666.104 1.0059 
954 273 5.1828   2214 589.7 1.7584   3474 638.144 1.0187 
972 278 5.1812   2232 593.8 1.6877         
990 282 5.1791   2250 597.9 1.6186         
1008 287 5.1762   2268 602.1 1.5544         
1026 292 5.1731   2286 606.2 1.4939         
1044 296 5.1693   2304 610.4 1.4364         
1062 301 5.1651   2322 614.5 1.3823         
1080 306 5.1604   2340 618.6 1.3325         
1098 310 5.1554   2358 622.7 1.2882         
1116 315 5.1496   2376 626.8 1.2503         
1134 320 5.1434   2394 630.9 1.2187         
1152 324 5.1364   2412 635 1.1925         
1170 329 5.1285   2430 639.2 1.1708         
1188 333 5.1197   2448 643.3 1.1533         
1206 338 5.11   2466 647.5 1.1397         
1224 343 5.0993   2484 651.7 1.1289         
1242 347 5.0874   2502 655.9 1.1219         
 
 
 
 
 
 
 
94 
 
 
Table (I): Thermographic data for Blend -9 combustion 
[70C- 
30 Ch- 
00A]                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 25.4 5.2084   1260 352.2 5.0865   2520 660.254 0.9 
18 24.2 5.2106   1278 356.8 5.0722   2538 664.482 0.8952 
36 24 5.2128   1296 361.4 5.0563   2556 668.725 0.8919 
54 23.7 5.2148   1314 366.1 5.039   2574 672.974 0.8891 
72 23.5 5.2168   1332 370.7 5.0193   2592 677.246 0.8869 
90 23.3 5.219   1350 375.3 4.9981   2610 681.505 0.8856 
108 23.1 5.2209   1368 379.9 4.9754   2628 685.761 0.8841 
126 22.9 5.223   1386 384.6 4.9511   2646 690.019 0.8837 
144 22.8 5.2249   1404 389.3 4.925   2664 694.277 0.8835 
162 22.6 5.2269   1422 393.9 4.8973   2682 698.523 0.883 
180 22.5 5.2289   1440 398.6 4.8677   2700 702.792 0.883 
198 22.3 5.2308   1458 403.3 4.8363   2718 707.039 0.8829 
216 22.1 5.2328   1476 407.9 4.8036   2736 711.292 0.883 
234 22 5.2345   1494 412.6 4.769   2754 715.538 0.8829 
252 21.9 5.2361   1512 417.2 4.7319   2772 719.802 0.8827 
270 21.8 5.2379   1530 421.9 4.6928   2790 724.048 0.8825 
288 21.6 5.2396   1548 426.6 4.6515   2808 728.298 0.882 
306 21.5 5.2412   1566 431.3 4.6073   2826 732.562 0.882 
324 21.4 5.2429   1584 436 4.5602   2844 736.81 0.882 
342 21.3 5.2445   1602 440.6 4.5106   2862 741.078 0.8817 
360 21.2 5.246   1620 445.3 4.4579   2880 745.336 0.8814 
378 21.1 5.2478   1638 449.9 4.4018   2898 749.599 0.8816 
396 21 5.2492   1656 454.5 4.3427   2916 753.885 0.881 
414 20.9 5.2508   1674 459.1 4.28   2934 758.141 0.8808 
432 20.8 5.2521   1692 463.7 4.2138   2952 762.372 0.88 
450 30.5 5.3796   1710 468.3 4.1439   2970 766.634 0.8796 
468 68.4 5.5256   1728 472.9 4.0692   2988 770.896 0.8784 
486 99.6 5.4285   1746 477.5 3.9897   3006 775.159 0.8774 
504 123 5.3412   1764 482.1 3.9051   3024 779.409 0.8734 
522 140 5.2844   1782 486.8 3.8151   3042 783.649 0.8641 
540 153 5.2458   1800 491.4 3.72   3060 787.905 0.8494 
558 162 5.2174   1818 495.9 3.6213   3078 792.143 0.8304 
576 170 5.1961   1836 500.4 3.5203   3096 796.405 0.811 
594 177 5.181   1854 504.8 3.4172   3114 800.678 0.7942 
612 183 5.1708   1872 509.2 3.3136   3132 804.943 0.7828 
630 188 5.1633   1890 513.5 3.2105   3150 809.209 0.7769 
648 193 5.1579   1908 517.8 3.1078   3168 813.466 0.7734 
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666 198 5.1539   1926 522.1 3.0061   3186 817.72 0.7706 
684 203 5.1511   1944 526.3 2.9062   3204 821.974 0.7683 
702 208 5.1491   1962 530.6 2.8075   3222 826.213 0.7671 
720 212 5.1478   1980 534.8 2.7096   3240 832.551 0.767 
738 217 5.147   1998 539.1 2.6137   3258 839.371 0.768 
756 222 5.146   2016 543.3 2.5181   3276 844.216 0.7682 
774 226 5.146   2034 547.6 2.4247   3294 848.475 0.7683 
792 231 5.146   2052 551.8 2.3324   3312 852.492 0.7686 
810 236 5.147   2070 556 2.241   3330 856.594 0.769 
828 240 5.1475   2088 560.3 2.151   3348 846.121 0.7686 
846 245 5.148   2106 564.5 2.0615   3366 808.518 0.7602 
864 250 5.1491   2124 568.8 1.9736   3384 770.634 0.7542 
882 254 5.1503   2142 573 1.8876   3402 735.242 0.7499 
900 259 5.1517   2160 577.2 1.8034   3420 702.462 0.7467 
918 264 5.1529   2178 581.4 1.7218   3438 672.132 0.7521 
936 268 5.1541   2196 585.6 1.6426   3456 643.768 0.7747 
954 273 5.1555   2214 589.8 1.5655   3474 617.121 0.7829 
972 278 5.1567   2232 593.9 1.492         
990 282 5.1576   2250 598.1 1.4227         
1008 287 5.158   2268 602.2 1.3562         
1026 292 5.1584   2286 606.4 1.2932         
1044 296 5.1581   2304 610.5 1.2344         
1062 301 5.1577   2322 614.6 1.1804         
1080 306 5.1561   2340 618.7 1.1308         
1098 310 5.154   2358 622.8 1.0855         
1116 315 5.1512   2376 626.9 1.0455         
1134 320 5.1472   2394 631.1 1.0117         
1152 324 5.1424   2412 635.2 0.9829         
1170 329 5.1364   2430 639.3 0.9594         
1188 334 5.1292   2448 643.5 0.9403         
1206 338 5.1208   2466 647.7 0.9255         
1224 343 5.1106   2484 651.8 0.914         
1242 348 5.0994   2502 656 0.9059         
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Table (J): Thermographic data for Blend -10 combustion 
[70C- 
10 Ch- 
20A]                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 25.4 5.2452   1260 351.7 4.9382   2520 659.887 1.2173 
18 27.8 5.3015   1278 356.3 4.9231   2538 664.114 1.2128 
36 32.8 5.3159   1296 360.9 4.9073   2556 668.356 1.209 
54 38.1 5.3165   1314 365.6 4.891   2574 672.606 1.2062 
72 43.3 5.311   1332 370.2 4.873   2592 676.854 1.203 
90 48.4 5.302   1350 374.8 4.8542   2610 681.112 1.2011 
108 53.5 5.2904   1368 379.3 4.8351   2628 685.362 1.1998 
126 58.5 5.2775   1386 384 4.8148   2646 689.612 1.1981 
144 63.4 5.2638   1404 388.6 4.7931   2664 693.85 1.197 
162 68.2 5.2524   1422 393.2 4.7711   2682 698.1 1.1955 
180 73 5.2411   1440 397.8 4.748   2700 702.353 1.1941 
198 77.7 5.2314   1458 402.4 4.7237   2718 706.606 1.1931 
216 82.4 5.2227   1476 407 4.6985   2736 710.846 1.1925 
234 87.1 5.2154   1494 411.6 4.6722   2754 715.077 1.1915 
252 91.7 5.2078   1512 416.3 4.6441   2772 719.334 1.191 
270 96.4 5.2027   1530 420.9 4.6152   2790 723.596 1.19 
288 101 5.1965   1548 425.5 4.5839   2808 727.86 1.1891 
306 106 5.1921   1566 430.1 4.5506   2826 732.088 1.189 
324 110 5.1875   1584 434.6 4.5152   2844 736.322 1.188 
342 115 5.1835   1602 439.2 4.4776   2862 740.553 1.1874 
360 119 5.1796   1620 443.8 4.4369   2880 744.769 1.1869 
378 124 5.1758   1638 448.4 4.3937   2898 748.992 1.1861 
396 129 5.1722   1656 453 4.3469   2916 753.21 1.1853 
414 133 5.169   1674 457.7 4.2964   2934 757.423 1.1843 
432 138 5.1652   1692 462.3 4.2426   2952 761.644 1.1837 
450 143 5.163   1710 466.9 4.1847   2970 765.878 1.1824 
468 147 5.1599   1728 471.5 4.1231   2988 770.205 1.1809 
486 152 5.1567   1746 476.1 4.0578   3006 774.455 1.1763 
504 156 5.1542   1764 480.7 3.9884   3024 778.686 1.1679 
522 161 5.1515   1782 485.3 3.9156   3042 782.923 1.1562 
540 166 5.1485   1800 489.8 3.8394   3060 787.198 1.1445 
558 170 5.1463   1818 494.3 3.7598   3078 791.468 1.1343 
576 175 5.1438   1836 498.8 3.6775   3096 795.72 1.1264 
594 180 5.1422   1854 503.3 3.5921   3114 799.959 1.1216 
612 184 5.1401   1872 507.8 3.5043   3132 804.201 1.119 
630 189 5.1378   1890 512.2 3.415   3150 808.443 1.1174 
648 193 5.1364   1908 516.6 3.3233   3168 812.69 1.1169 
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666 198 5.1351   1926 521 3.2308   3186 820.683 1.117 
684 203 5.1322   1944 525.4 3.1367   3204 826.501 1.117 
702 207 5.1318   1962 529.8 3.042   3222 831.062 1.1165 
720 212 5.13   1980 534.2 2.9461   3240 835.349 1.116 
738 217 5.1288   1998 538.5 2.8506   3258 839.412 1.116 
756 221 5.128   2016 542.8 2.7551   3276 843.68 1.1155 
774 226 5.1266   2034 547.1 2.6595   3294 847.977 1.1151 
792 231 5.125   2052 551.4 2.5648   3312 852.302 1.115 
810 235 5.1241   2070 555.7 2.47   3330 856.567 1.115 
828 240 5.1218   2088 559.9 2.3773   3348 860.926 1.1144 
846 245 5.1203   2106 564.1 2.2869   3366 865.312 1.114 
864 249 5.1174   2124 568.3 2.1978   3384 869.62 1.114 
882 254 5.1154   2142 572.5 2.1114   3402 873.851 1.1132 
900 259 5.112   2160 576.7 2.0279   3420 878.246 1.113 
918 263 5.1088   2178 580.9 1.9478   3438 882.544 1.112 
936 268 5.1052   2196 585.1 1.8711   3456 886.782 1.1117 
954 273 5.1011   2214 589.2 1.7979   3474 891.015 1.111 
972 277 5.0964   2232 593.4 1.7295         
990 282 5.0909   2250 597.5 1.664         
1008 287 5.0848   2268 601.6 1.6031         
1026 291 5.0778   2286 605.8 1.5468         
1044 296 5.0697   2304 609.9 1.4953         
1062 301 5.0609   2322 614 1.4475         
1080 305 5.0518   2340 618.1 1.4055         
1098 310 5.0427   2358 622.2 1.368         
1116 315 5.0331   2376 626.4 1.336         
1134 319 5.0236   2394 630.5 1.3092         
1152 324 5.0131   2412 634.7 1.2861         
1170 329 5.0014   2430 638.8 1.2678         
1188 333 4.991   2448 643 1.2526         
1206 338 4.9791   2466 647.2 1.2404         
1224 342 4.9663   2484 651.4 1.2308         
1242 347 4.9526   2502 655.7 1.2232         
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Table (K): Thermographic data for Blend -11 combustion 
[75C- 
20 Ch- 
05A]                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 25.6 5.1094   1260 352 4.9672   2520 660.234 0.936 
18 24.5 5.1115   1278 356.6 4.9538   2538 664.457 0.9308 
36 24.2 5.1134   1296 361.2 4.939   2556 668.697 0.9267 
54 24 5.1153   1314 365.8 4.923   2574 672.949 0.9241 
72 23.8 5.1172   1332 370.5 4.9056   2592 677.195 0.9221 
90 23.6 5.1192   1350 375.1 4.8865   2610 681.447 0.921 
108 23.4 5.121   1368 379.8 4.8662   2628 685.698 0.92 
126 23.2 5.1229   1386 384.4 4.8443   2646 689.941 0.919 
144 23 5.1247   1404 389 4.8209   2664 694.186 0.919 
162 22.9 5.1264   1422 393.6 4.7965   2682 698.432 0.919 
180 22.7 5.1281   1440 398.3 4.7704   2700 702.674 0.9189 
198 22.5 5.1299   1458 402.9 4.7431   2718 706.914 0.919 
216 22.4 5.1315   1476 407.6 4.7141   2736 711.156 0.919 
234 22.3 5.1332   1494 412.2 4.6837   2754 715.398 0.9184 
252 22.1 5.1348   1512 416.9 4.6514   2772 719.641 0.9187 
270 22 5.1365   1530 421.5 4.617   2790 723.875 0.9184 
288 21.9 5.1379   1548 426.2 4.5809   2808 728.107 0.918 
306 21.8 5.1395   1566 430.9 4.5421   2826 732.373 0.918 
324 21.7 5.141   1584 435.5 4.5007   2844 736.66 0.918 
342 21.5 5.1425   1602 440.1 4.457   2862 740.914 0.918 
360 21.4 5.144   1620 444.8 4.4099   2880 745.166 0.9175 
378 21.3 5.1452   1638 449.4 4.3601   2898 749.418 0.917 
396 21.3 5.1469   1656 454 4.307   2916 753.667 0.917 
414 21.2 5.148   1674 458.6 4.2501   2934 757.91 0.917 
432 21.1 5.1495   1692 463.3 4.1896   2952 762.16 0.916 
450 21 5.1509   1710 467.9 4.1257   2970 768.693 0.916 
468 20.9 5.152   1728 472.5 4.0573   2988 773.575 0.915 
486 20.9 5.1533   1746 477.1 3.9853   3006 777.993 0.9125 
504 20.8 5.1547   1764 481.7 3.9089   3024 782.295 0.9058 
522 20.7 5.1559   1782 486.3 3.8286   3042 786.575 0.8949 
540 21.9 5.1613   1800 490.8 3.7442   3060 790.858 0.8811 
558 59.8 5.4627   1818 495.4 3.6565   3078 795.168 0.8674 
576 102 5.3853   1836 499.9 3.5655   3096 799.945 0.8572 
594 133 5.2762   1854 504.3 3.4728   3114 804.44 0.8511 
612 155 5.2048   1872 508.7 3.3778   3132 808.81 0.849 
630 171 5.156   1890 513.1 3.2819   3150 813.141 0.848 
648 183 5.1215   1908 517.5 3.1851   3168 817.466 0.848 
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666 192 5.0981   1926 521.9 3.0882   3186 821.527 0.848 
684 199 5.0822   1944 526.2 2.9911   3204 825.778 0.8481 
702 205 5.0709   1962 530.5 2.8937   3222 830.201 0.849 
720 211 5.0633   1980 534.9 2.7964   3240 834.521 0.849 
738 216 5.0581   1998 539.1 2.6994   3258 838.91 0.85 
756 221 5.0544   2016 543.4 2.6033   3276 843.437 0.85 
774 226 5.0518   2034 547.7 2.5074   3294 847.679 0.85 
792 231 5.0501   2052 552 2.4124   3312 851.968 0.851 
810 236 5.049   2070 556.2 2.3184   3330 832.35 0.8487 
828 240 5.049   2088 560.4 2.2251   3348 794.58 0.8404 
846 245 5.048   2106 564.7 2.1332   3366 757.998 0.835 
864 250 5.048   2124 568.9 2.0438   3384 723.578 0.8308 
882 254 5.048   2142 573.1 1.9557   3402 691.654 0.8279 
900 259 5.0485   2160 577.3 1.8699   3420 662.04 0.8367 
918 264 5.049   2178 581.5 1.7867   3438 634.276 0.8458 
936 268 5.049   2196 585.6 1.7061   3456 608.245 0.846 
954 273 5.049   2214 589.8 1.6284   3474 583.783 0.8447 
972 278 5.049   2232 593.9 1.5536         
990 282 5.048   2250 598.1 1.4827         
1008 287 5.047   2268 602.2 1.4151         
1026 292 5.046   2286 606.4 1.3514         
1044 296 5.0441   2304 610.5 1.2915         
1062 301 5.0421   2322 614.6 1.236         
1080 306 5.0394   2340 618.7 1.1843         
1098 310 5.0361   2358 622.8 1.138         
1116 315 5.0324   2376 626.9 1.0965         
1134 320 5.0276   2394 631.1 1.0601         
1152 324 5.0219   2412 635.2 1.0294         
1170 329 5.0157   2430 639.3 1.0034         
1188 333 5.0082   2448 643.5 0.9822         
1206 338 4.9998   2466 647.7 0.9657         
1224 343 4.9901   2484 651.8 0.9527         
1242 347 4.9793   2502 656 0.9432         
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Table (L): Thermographic data for Blend -75C-10Ch-15A  combustion 
[75C- 
10 Ch- 
15A]                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 25.6 4.89   1260 351.9 4.6778   2520 660.183 0.867 
18 24.4 4.8916   1278 356.5 4.6636   2538 664.43 0.8639 
36 24.2 4.8936   1296 361.2 4.6478   2556 668.689 0.8615 
54 24 4.8955   1314 365.8 4.631   2574 672.948 0.8601 
72 23.8 4.8971   1332 370.4 4.614   2592 677.205 0.8591 
90 23.6 4.899   1350 375 4.595   2610 681.464 0.859 
108 23.4 4.9008   1368 379.6 4.5754   2628 685.744 0.858 
126 23.2 4.9026   1386 384.2 4.5547   2646 690.006 0.858 
144 23 4.9044   1404 388.8 4.5329   2664 694.262 0.858 
162 22.8 4.9061   1422 393.4 4.51   2682 698.521 0.858 
180 22.7 4.9078   1440 398 4.4863   2700 702.77 0.858 
198 22.5 4.9095   1458 402.7 4.4615   2718 707.019 0.858 
216 22.4 4.9112   1476 407.3 4.4353   2736 711.267 0.8579 
234 22.2 4.9128   1494 411.9 4.4083   2754 715.513 0.8575 
252 22.1 4.9142   1512 416.6 4.3796   2772 719.746 0.8572 
270 22 4.9158   1530 421.2 4.3492   2790 723.993 0.857 
288 21.9 4.9174   1548 425.9 4.3173   2808 728.228 0.857 
306 21.7 4.9188   1566 430.5 4.283   2826 732.465 0.857 
324 21.6 4.9201   1584 435.1 4.2468   2844 736.751 0.8563 
342 21.5 4.9217   1602 439.8 4.2076   2862 741.045 0.856 
360 21.4 4.9229   1620 444.4 4.1658   2880 745.318 0.856 
378 21.3 4.9244   1638 449 4.1208   2898 749.573 0.856 
396 21.2 4.9258   1656 453.7 4.0729   2916 753.826 0.855 
414 21.1 4.927   1674 458.3 4.0211   2934 758.076 0.855 
432 21.1 4.9281   1692 462.9 3.966   2952 762.321 0.854 
450 21 4.9298   1710 467.5 3.9069   2970 766.572 0.8534 
468 20.9 4.9308   1728 472.1 3.844   2988 770.823 0.8525 
486 20.8 4.932   1746 476.7 3.7772   3006 775.067 0.8505 
504 20.8 4.933   1764 481.3 3.7068   3024 779.291 0.8449 
522 20.7 4.934   1782 485.9 3.6322   3042 783.543 0.8352 
540 20.6 4.9358   1800 490.4 3.5544   3060 787.775 0.8226 
558 50.9 5.216   1818 494.9 3.4737   3078 793.947 0.8098 
576 94.9 5.1932   1836 499.4 3.3901   3096 800.109 0.7981 
594 128 5.077   1854 503.9 3.3038   3114 804.924 0.7901 
612 152 4.9989   1872 508.3 3.2152   3132 809.286 0.7864 
630 169 4.947   1890 512.8 3.1249   3150 813.589 0.785 
648 182 4.9108   1908 517.2 3.0328   3168 817.866 0.785 
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666 191 4.8862   1926 521.6 2.9401   3186 822.166 0.785 
684 199 4.8689   1944 526 2.8451   3204 826.524 0.785 
702 205 4.8568   1962 530.4 2.7499   3222 830.893 0.7852 
720 211 4.8484   1980 534.8 2.6541   3240 835.254 0.786 
738 216 4.8422   1998 539.1 2.5574   3258 839.235 0.786 
756 221 4.8377   2016 543.4 2.4615   3276 843.637 0.787 
774 226 4.8343   2034 547.7 2.3654   3294 847.942 0.787 
792 231 4.8315   2052 552 2.2695   3312 851.999 0.787 
810 235 4.8293   2070 556.2 2.1745   3330 856.369 0.7874 
828 240 4.8276   2088 560.5 2.0813   3348 842.907 0.7869 
846 245 4.8259   2106 564.7 1.9887   3366 804.832 0.7786 
864 250 4.8242   2124 568.9 1.898   3384 767.582 0.7727 
882 254 4.8224   2142 573.1 1.8097   3402 732.419 0.7684 
900 259 4.8204   2160 577.2 1.724   3420 699.865 0.7653 
918 264 4.8184   2178 581.4 1.6408   3438 669.68 0.7668 
936 268 4.8159   2196 585.6 1.5609   3456 641.47 0.7795 
954 273 4.813   2214 589.7 1.4843   3474 615.003 0.782 
972 278 4.8096   2232 593.8 1.4118         
990 282 4.8058   2250 598 1.3434         
1008 287 4.8009   2268 602.1 1.2788         
1026 292 4.7956   2286 606.2 1.2186         
1044 296 4.7894   2304 610.3 1.163         
1062 301 4.783   2322 614.5 1.1118         
1080 306 4.7764   2340 618.6 1.0656         
1098 310 4.7692   2358 622.7 1.0243         
1116 315 4.7619   2376 626.8 0.9882         
1134 320 4.7541   2394 630.9 0.9575         
1152 324 4.7457   2412 635 0.9324         
1170 329 4.7364   2430 639.2 0.913         
1188 333 4.7267   2448 643.3 0.8971         
1206 338 4.7155   2466 647.5 0.8859         
1224 343 4.7039   2484 651.7 0.8773         
1242 347 4.6914   2502 655.9 0.8711         
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Table (M): Thermographic data for Blend -13 combustion 
[80C- 
10 Ch- 
10A]                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 25.5 4.8943   1260 351.8 4.7386   2520 660.258 0.947 
18 24.3 4.8965   1278 356.4 4.7259   2538 664.498 0.9409 
36 24.1 4.8984   1296 361 4.712   2556 668.741 0.9363 
54 23.9 4.9003   1314 365.7 4.6971   2574 672.976 0.933 
72 23.7 4.9021   1332 370.3 4.6815   2592 677.22 0.9303 
90 23.5 4.9039   1350 375 4.664   2610 681.464 0.929 
108 23.3 4.9058   1368 379.6 4.6459   2628 685.713 0.9275 
126 23.1 4.9077   1386 384.2 4.6264   2646 689.958 0.927 
144 22.9 4.9094   1404 388.8 4.6057   2664 694.201 0.927 
162 22.8 4.9111   1422 393.4 4.5842   2682 698.44 0.927 
180 22.6 4.9128   1440 398 4.5613   2700 702.723 0.926 
198 22.5 4.9146   1458 402.6 4.5378   2718 706.99 0.926 
216 22.3 4.916   1476 407.2 4.513   2736 711.244 0.9261 
234 22.2 4.9179   1494 411.9 4.487   2754 715.481 0.926 
252 22.1 4.9194   1512 416.5 4.4594   2772 719.714 0.926 
270 21.9 4.921   1530 421.2 4.4303   2790 723.952 0.926 
288 21.8 4.9227   1548 425.8 4.3993   2808 728.181 0.9255 
306 21.7 4.9242   1566 430.5 4.3666   2826 732.421 0.925 
324 21.6 4.9257   1584 435.1 4.3315   2844 736.654 0.925 
342 21.5 4.927   1602 439.7 4.2938   2862 740.883 0.9245 
360 21.4 4.9286   1620 444.3 4.2536   2880 745.127 0.924 
378 21.3 4.93   1638 448.9 4.2101   2898 749.366 0.924 
396 21.2 4.9315   1656 453.5 4.1637   2916 755.617 0.924 
414 21.1 4.9328   1674 458.1 4.114   2934 760.533 0.9233 
432 21 4.934   1692 462.7 4.0609   2952 764.984 0.9228 
450 21 4.9351   1710 467.4 4.0039   2970 769.297 0.922 
468 20.9 4.9367   1728 472 3.9432   2988 773.577 0.9209 
486 20.8 4.9384   1746 476.5 3.8787   3006 777.849 0.9172 
504 50.5 5.2137   1764 481.1 3.8107   3024 782.119 0.91 
522 90.2 5.1903   1782 485.7 3.7384   3042 786.406 0.8996 
540 120 5.0872   1800 490.2 3.6631   3060 791.02 0.8883 
558 141 5.0146   1818 494.7 3.5842   3078 795.768 0.8776 
576 157 4.9659   1836 499.2 3.502   3096 800.207 0.8685 
594 169 4.9315   1854 503.7 3.4173   3114 804.538 0.8632 
612 178 4.9071   1872 508.2 3.33   3132 808.856 0.8603 
630 185 4.8898   1890 512.6 3.241   3150 813.164 0.8582 
648 191 4.8776   1908 517.1 3.15   3168 817.488 0.857 
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666 197 4.8689   1926 521.5 3.0581   3186 821.952 0.856 
684 202 4.8627   1944 525.9 2.9644   3204 826.351 0.856 
702 207 4.8581   1962 530.3 2.8706   3222 830.699 0.856 
720 212 4.8544   1980 534.7 2.7747   3240 835.057 0.8565 
738 217 4.8522   1998 539 2.6789   3258 839.557 0.857 
756 222 4.8502   2016 543.3 2.5829   3276 844.012 0.8574 
774 226 4.8485   2034 547.6 2.4872   3294 847.73 0.858 
792 231 4.8475   2052 551.9 2.3919   3312 852.101 0.858 
810 236 4.8469   2070 556.1 2.297   3330 856.539 0.8582 
828 240 4.846   2088 560.4 2.2033   3348 819.588 0.8529 
846 245 4.8451   2106 564.6 2.1111   3366 781.769 0.8459 
864 250 4.845   2124 568.8 2.0209   3384 745.647 0.8409 
882 254 4.844   2142 573 1.9325   3402 712.093 0.8371 
900 259 4.8433   2160 577.2 1.8466   3420 681.006 0.8354 
918 264 4.8426   2178 581.4 1.7638   3438 652.083 0.846 
936 268 4.8413   2196 585.5 1.684   3456 624.935 0.8536 
954 273 4.8401   2214 589.7 1.608   3474 599.469 0.853 
972 278 4.8382   2232 593.8 1.5351         
990 282 4.8359   2250 598 1.4661         
1008 287 4.8329   2268 602.1 1.4008         
1026 292 4.8296   2286 606.2 1.3397         
1044 296 4.8256   2304 610.4 1.2821         
1062 301 4.8214   2322 614.5 1.2286         
1080 306 4.8169   2340 618.6 1.18         
1098 310 4.8121   2358 622.7 1.1361         
1116 315 4.8067   2376 626.8 1.0973         
1134 320 4.801   2394 630.9 1.0641         
1152 324 4.7946   2412 635.1 1.0359         
1170 329 4.7872   2430 639.2 1.0124         
1188 333 4.7792   2448 643.4 0.993         
1206 338 4.7705   2466 647.6 0.9771         
1224 343 4.7609   2484 651.8 0.9643         
1242 347 4.7502   2502 656 0.9546         
 
 
 
 
 
 
 
104 
 
 
Table (N): Thermographic data for Blend -50C-30Ch-20A combustion 
50C-
30Ch-
20A                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 27.1 5.1617   1260 352.5 4.62   2520 659.506 0.7559 
18 29.3 5.2113   1278 357.2 4.6005   2538 663.777 0.7544 
36 34.2 5.22   1296 361.9 4.5794   2556 668.064 0.7536 
54 39.2 5.2127   1314 366.5 4.557   2574 672.338 0.7528 
72 44.3 5.198   1332 371.1 4.5334   2592 676.625 0.7515 
90 49.3 5.1782   1350 375.8 4.5082   2610 680.903 0.7503 
108 54.3 5.1544   1368 380.4 4.4818   2628 685.169 0.7495 
126 59.2 5.1294   1386 385.1 4.4538   2646 689.437 0.7482 
144 64 5.1052   1404 389.7 4.4245   2664 693.697 0.7471 
162 68.9 5.0834   1422 394.4 4.3934   2682 697.95 0.7455 
180 73.6 5.0644   1440 399 4.361   2700 702.201 0.7416 
198 78.4 5.0483   1458 403.7 4.327   2718 706.438 0.7341 
216 83.1 5.0345   1476 408.3 4.291   2736 710.698 0.7239 
234 87.7 5.0226   1494 413 4.2527   2754 714.952 0.7112 
252 92.4 5.0119   1512 417.6 4.2122   2772 719.215 0.6972 
270 97 5.0025   1530 422.2 4.169   2790 723.474 0.6845 
288 102 4.9938   1548 426.8 4.1229   2808 727.742 0.6745 
306 106 4.986   1566 431.4 4.0745   2826 732.034 0.6695 
324 111 4.9786   1584 436 4.0225   2844 736.305 0.6672 
342 115 4.9714   1602 440.7 3.9673   2862 740.571 0.6658 
360 120 4.9648   1620 445.3 3.9081   2880 744.842 0.6648 
378 125 4.9587   1638 449.9 3.8449   2898 749.114 0.664 
396 129 4.9523   1656 454.6 3.777   2916 753.372 0.664 
414 134 4.9465   1674 459.3 3.7045   2934 757.613 0.663 
432 138 4.941   1692 464 3.6267   2952 761.87 0.663 
450 143 4.9356   1710 468.7 3.5435   2970 766.134 0.663 
468 148 4.9297   1728 473.3 3.4549   2988 770.41 0.663 
486 152 4.924   1746 478 3.3613   3006 774.693 0.6624 
504 157 4.9181   1764 482.6 3.2625   3024 778.971 0.662 
522 161 4.9124   1782 487.2 3.1595   3042 783.255 0.662 
540 166 4.9069   1800 491.7 3.0536   3060 787.523 0.6616 
558 171 4.9012   1818 496.1 2.945   3078 791.805 0.661 
576 175 4.8964   1836 500.5 2.835   3096 796.074 0.661 
594 180 4.8918   1854 504.9 2.723   3114 800.344 0.661 
612 184 4.8874   1872 509.3 2.6101   3132 804.615 0.6604 
630 189 4.883   1890 513.6 2.497   3150 808.897 0.66 
648 194 4.8787   1908 517.9 2.384   3168 813.186 0.66 
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666 198 4.8744   1926 522.2 2.2716   3186 817.48 0.66 
684 203 4.8704   1944 526.5 2.1599   3204 821.777 0.6595 
702 208 4.8666   1962 530.7 2.05   3222 826.052 0.6592 
720 212 4.8625   1980 535 1.9419   3240 830.342 0.659 
738 217 4.8588   1998 539.2 1.8355   3258 834.639 0.659 
756 222 4.8551   2016 543.3 1.7325   3276 838.924 0.659 
774 226 4.8516   2034 547.5 1.6322   3294 842.964 0.659 
792 231 4.8481   2052 551.6 1.5357   3312 847.523 0.659 
810 236 4.8447   2070 555.7 1.444   3330 852.077 0.659 
828 240 4.8413   2088 559.7 1.3574   3348 856.56 0.6585 
846 245 4.8378   2106 563.8 1.2763   3366 860.985 0.6586 
864 250 4.834   2124 567.8 1.201   3384 865.424 0.658 
882 254 4.8302   2142 571.8 1.1328   3402 875.53 0.659 
900 259 4.8261   2160 575.8 1.0703   3420 880.499 0.659 
918 264 4.8217   2178 579.8 1.0141   3438 884.827 0.658 
936 268 4.817   2196 583.8 0.964   3456 889.123 0.658 
954 273 4.8119   2214 587.9 0.9201   3474 893.438 0.6571 
972 278 4.8063   2232 592 0.882         
990 282 4.8   2250 596 0.8494         
1008 287 4.7934   2268 600.1 0.8241         
1026 292 4.786   2286 604.2 0.8049         
1044 296 4.7777   2304 608.4 0.7909         
1062 301 4.7688   2322 612.5 0.7808         
1080 306 4.7593   2340 616.8 0.7738         
1098 310 4.7488   2358 621 0.7685         
1116 315 4.7379   2376 625.2 0.7661         
1134 320 4.726   2394 629.5 0.7643         
1152 324 4.7138   2412 633.8 0.763         
1170 329 4.7007   2430 638.1 0.7618         
1188 334 4.6868   2448 642.3 0.7603         
1206 338 4.6719   2466 646.6 0.759         
1224 343 4.6558   2484 650.9 0.758         
1242 348 4.6388   2502 655.2 0.757         
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Table (O): Thermographic data for Blend -50C-30Ch-20A combustion 
50C-
30Ch-
20A                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 26.6 4.7861   1260 351.8 4.5326   2520 660.14 0.6685 
18 28.7 4.8433   1278 356.4 4.515   2538 664.425 0.6673 
36 33.5 4.8597   1296 361 4.497   2556 668.698 0.6664 
54 38.5 4.862   1314 365.6 4.4771   2574 672.983 0.666 
72 43.4 4.8604   1332 370.2 4.4563   2592 677.258 0.665 
90 48.3 4.8554   1350 374.8 4.4339   2610 681.533 0.6643 
108 53.1 4.8488   1368 379.4 4.4103   2628 685.804 0.664 
126 57.9 4.8413   1386 383.9 4.385   2646 690.08 0.663 
144 62.6 4.8332   1404 388.5 4.3584   2664 694.351 0.663 
162 67.3 4.8254   1422 393.1 4.3304   2682 698.616 0.662 
180 71.9 4.8181   1440 397.8 4.3007   2700 702.881 0.6592 
198 76.6 4.8115   1458 402.4 4.2694   2718 707.126 0.653 
216 81.3 4.8056   1476 407 4.2366   2736 711.388 0.6437 
234 86.1 4.8008   1494 411.6 4.202   2754 715.642 0.6317 
252 90.9 4.796   1512 416.3 4.1648   2772 719.908 0.6178 
270 95.8 4.791   1530 420.9 4.1253   2790 724.181 0.6051 
288 101 4.7859   1548 425.6 4.0831   2808 728.462 0.5949 
306 105 4.781   1566 430.3 4.0378   2826 732.736 0.5891 
324 110 4.7764   1584 435.1 3.9889   2844 737.014 0.586 
342 115 4.7717   1602 439.8 3.9361   2862 741.268 0.5841 
360 120 4.7675   1620 444.6 3.8797   2880 745.508 0.5826 
378 124 4.7633   1638 449.4 3.8189   2898 749.755 0.582 
396 129 4.7594   1656 454.2 3.7541   2916 753.985 0.5819 
414 134 4.7556   1674 459 3.684   2934 758.208 0.581 
432 138 4.752   1692 463.8 3.6101   2952 762.435 0.5811 
450 143 4.7484   1710 468.5 3.5305   2970 766.679 0.5818 
468 147 4.7447   1728 473.3 3.446   2988 770.93 0.582 
486 152 4.7409   1746 478 3.356   3006 775.171 0.5814 
504 157 4.7369   1764 482.7 3.2615   3024 779.411 0.582 
522 161 4.7334   1782 487.3 3.1625   3042 783.651 0.582 
540 166 4.7298   1800 491.8 3.0594   3060 787.882 0.582 
558 170 4.7266   1818 496.4 2.953   3078 792.109 0.582 
576 175 4.7238   1836 500.9 2.8435   3096 796.332 0.582 
594 180 4.7213   1854 505.3 2.7326   3114 800.554 0.582 
612 184 4.719   1872 509.7 2.6201   3132 804.771 0.582 
630 189 4.717   1890 514.1 2.5069   3150 808.988 0.582 
648 194 4.7151   1908 518.4 2.3937   3168 813.216 0.582 
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666 198 4.7132   1926 522.7 2.2804   3186 817.468 0.582 
684 203 4.7114   1944 527.1 2.1677   3204 821.726 0.582 
702 207 4.7101   1962 531.4 2.0557   3222 825.974 0.582 
720 212 4.7088   1980 535.6 1.945   3240 833.842 0.5822 
738 217 4.7072   1998 539.9 1.8359   3258 840.079 0.583 
756 221 4.706   2016 544.1 1.7288   3276 844.811 0.5822 
774 226 4.7045   2034 548.2 1.6241   3294 849.148 0.582 
792 231 4.7031   2052 552.4 1.5224   3312 853.384 0.582 
810 235 4.702   2070 556.5 1.4245   3330 857.605 0.582 
828 240 4.701   2088 560.6 1.3312   3348 861.87 0.582 
846 245 4.6995   2106 564.6 1.2438   3366 866.107 0.5816 
864 249 4.6981   2124 568.7 1.1629   3384 870.466 0.581 
882 254 4.6964   2142 572.6 1.0892   3402 874.874 0.581 
900 259 4.6945   2160 576.6 1.0235   3420 879.27 0.581 
918 263 4.6923   2178 580.6 0.9651   3438 883.686 0.5804 
936 268 4.6899   2196 584.5 0.9136   3456 888.394 0.58 
954 273 4.6869   2214 588.6 0.8686   3474 892.898 0.58 
972 277 4.6834   2232 592.6 0.83         
990 282 4.6793   2250 596.7 0.7969         
1008 287 4.6749   2268 600.8 0.77         
1026 291 4.6695   2286 605 0.7482         
1044 296 4.6636   2304 609.1 0.7316         
1062 301 4.6569   2322 613.3 0.7182         
1080 305 4.6494   2340 617.5 0.7078         
1098 310 4.6412   2358 621.8 0.6994         
1116 315 4.6323   2376 626 0.693         
1134 319 4.6228   2394 630.3 0.6878         
1152 324 4.6126   2412 634.5 0.6835         
1170 329 4.6017   2430 638.8 0.6799         
1188 333 4.5897   2448 643 0.6769         
1206 338 4.5772   2466 647.3 0.6742         
1224 343 4.5635   2484 651.6 0.672         
1242 347 4.5484   2502 655.9 0.6701         
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Table (P): Thermographic data for microalgae combustion 
MICROALGAE                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 26.6 5.2298   1260 351.2 2.9692   2520 660.301 0.4722 
18 28.8 5.2806   1278 355.8 2.9113   2538 664.571 0.4628 
36 33.6 5.2906   1296 360.4 2.856   2556 668.835 0.4542 
54 38.6 5.2846   1314 365.1 2.8041   2574 673.109 0.4456 
72 43.6 5.2719   1332 369.7 2.7547   2592 677.376 0.4377 
90 48.6 5.2532   1350 374.3 2.709   2610 681.652 0.4304 
108 53.6 5.2287   1368 378.9 2.6659   2628 685.923 0.4237 
126 58.4 5.2   1386 383.6 2.6256   2646 690.204 0.4179 
144 63.2 5.1679   1404 388.2 2.5871   2664 694.48 0.413 
162 68 5.137   1422 392.7 2.551   2682 698.756 0.4084 
180 72.8 5.1066   1440 397.3 2.5171   2700 703.014 0.4052 
198 77.5 5.0786   1458 401.9 2.4841   2718 707.263 0.4024 
216 82.2 5.0538   1476 406.7 2.4524   2736 711.487 0.4008 
234 86.9 5.032   1494 411.5 2.421   2754 715.698 0.3995 
252 91.6 5.013   1512 416.1 2.3924   2772 719.909 0.399 
270 96.2 4.9971   1530 420.6 2.3633   2790 724.118 0.3977 
288 101 4.9837   1548 425.1 2.3345   2808 728.337 0.398 
306 106 4.9719   1566 429.6 2.3077   2826 732.554 0.3978 
324 110 4.9622   1584 434.2 2.2801   2844 736.772 0.397 
342 115 4.9534   1602 438.7 2.2531   2862 740.995 0.397 
360 119 4.9457   1620 443.1 2.2257   2880 745.203 0.3967 
378 124 4.9387   1638 447.6 2.1982   2898 749.404 0.396 
396 129 4.9323   1656 452 2.1703   2916 753.606 0.396 
414 133 4.9263   1674 456.5 2.1421   2934 757.807 0.3959 
432 138 4.9203   1692 460.9 2.1139   2952 762.034 0.3953 
450 142 4.9145   1710 465.4 2.0853   2970 766.308 0.395 
468 147 4.9085   1728 469.9 2.0564   2988 770.552 0.395 
486 152 4.9023   1746 474.3 2.027   3006 774.771 0.394 
504 156 4.8962   1764 478.7 1.9974   3024 778.993 0.394 
522 161 4.8894   1782 483.2 1.9669   3042 783.229 0.3939 
540 165 4.8821   1800 487.7 1.9355   3060 787.472 0.393 
558 170 4.8747   1818 492.1 1.9037   3078 791.711 0.393 
576 174 4.8668   1836 496.6 1.8709   3096 795.948 0.3924 
594 179 4.8585   1854 501 1.837   3114 800.175 0.3919 
612 184 4.8498   1872 505.5 1.8022   3132 804.385 0.392 
630 188 4.8408   1890 509.9 1.767   3150 808.587 0.392 
648 193 4.8309   1908 514.4 1.7301   3168 812.855 0.3916 
666 198 4.8201   1926 518.8 1.6925   3186 817.162 0.391 
684 202 4.8088   1944 523.2 1.6538   3204 821.491 0.3909 
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702 207 4.7962   1962 527.6 1.6141   3222 830.368 0.391 
720 211 4.7825   1980 532 1.5734   3240 836.394 0.391 
738 216 4.7675   1998 536.4 1.5321   3258 840.995 0.3901 
756 221 4.7508   2016 540.8 1.4896   3276 845.234 0.39 
774 225 4.7321   2034 545.2 1.4464   3294 849.519 0.389 
792 230 4.7119   2052 549.6 1.4016   3312 853.877 0.3881 
810 234 4.6872   2070 554 1.3576   3330 858.242 0.3879 
828 239 4.6592   2088 558.3 1.3121   3348 862.543 0.387 
846 244 4.6261   2106 562.7 1.2651   3366 866.844 0.3861 
864 248 4.5879   2124 567.1 1.2185   3384 871.203 0.3859 
882 253 4.5423   2142 571.4 1.172   3402 875.645 0.385 
900 258 4.4905   2160 575.7 1.1246   3420 880.057 0.3838 
918 263 4.432   2178 580.1 1.0767   3438 884.371 0.383 
936 267 4.3666   2196 584.4 1.0287   3456 888.725 0.3821 
954 272 4.2933   2214 588.7 0.9812   3474 854.392 0.3772 
972 277 4.2107   2232 593 0.9338         
990 281 4.1202   2250 597.3 0.8871         
1008 286 4.0246   2268 601.6 0.8415         
1026 291 3.9263   2286 605.8 0.7965         
1044 295 3.8292   2304 610 0.7544         
1062 300 3.7355   2322 614.3 0.7134         
1080 305 3.6485   2340 618.5 0.6741         
1098 309 3.5683   2358 622.7 0.6378         
1116 314 3.4939   2376 626.8 0.6049         
1134 319 3.4225   2394 631 0.5766         
1152 323 3.3538   2412 635.1 0.5528         
1170 328 3.2868   2430 639.3 0.533         
1188 333 3.2206   2448 643.4 0.5166         
1206 337 3.1558   2466 647.6 0.5034         
1224 342 3.0921   2484 651.8 0.4922         
1242 346 3.0297   2502 656.1 0.4818         
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Table (Q): Thermographic data for microalgae combustion 
MICROALG
E                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 25.2 4.8402   1260 353.1 2.7389   2520 660.717 0.347 
18 24 4.842   1278 357.8 2.6805   2538 664.97 0.3425 
36 23.8 4.8435   1296 362.4 2.6256   2556 669.208 0.3393 
54 23.6 4.8452   1314 367 2.5742   2574 673.443 0.3371 
72 23.4 4.8466   1332 371.6 2.5265   2592 677.703 0.336 
90 23.2 4.848   1350 375.8 2.4814   2610 681.97 0.335 
108 23 4.8499   1368 379.9 2.4405   2628 686.235 0.335 
126 22.8 4.8511   1386 384.3 2.403   2646 690.513 0.335 
144 22.6 4.8527   1404 388.7 2.367   2664 694.782 0.335 
162 22.4 4.8541   1422 393.3 2.3326   2682 699.05 0.3357 
180 22.3 4.8555   1440 397.8 2.2998   2700 703.313 0.336 
198 22.1 4.857   1458 402.3 2.2677   2718 707.564 0.336 
216 22 4.858   1476 406.8 2.2369   2736 711.821 0.3363 
234 21.8 4.8596   1494 411.3 2.2065   2754 716.082 0.3367 
252 21.8 4.8617   1512 415.8 2.177   2772 720.333 0.337 
270 41.6 5.0692   1530 420.3 2.1476   2790 724.58 0.337 
288 63 5.0486   1548 424.9 2.1186   2808 728.825 0.337 
306 79.9 4.9791   1566 429.4 2.0892   2826 733.074 0.3379 
324 93 4.8944   1584 433.9 2.0599   2844 737.312 0.338 
342 104 4.8243   1602 438.5 2.0303   2862 741.531 0.338 
360 112 4.7772   1620 443 2.0003   2880 745.759 0.3387 
378 119 4.7469   1638 447.6 1.9695   2898 749.975 0.339 
396 126 4.7263   1656 452.2 1.938   2916 754.2 0.339 
414 132 4.7115   1674 456.7 1.9058   2934 758.417 0.34 
432 137 4.6998   1692 461.2 1.8724   2952 762.637 0.34 
450 142 4.6898   1710 465.7 1.8389   2970 766.858 0.34 
468 147 4.6811   1728 470.2 1.804   2988 771.081 0.341 
486 151 4.673   1746 474.7 1.7682   3006 775.306 0.341 
504 156 4.6651   1764 479.2 1.7315   3024 779.552 0.3411 
522 161 4.6574   1782 483.7 1.6934   3042 783.81 0.3419 
540 165 4.6495   1800 488.2 1.6541   3060 788.07 0.342 
558 170 4.6417   1818 492.7 1.6133   3078 792.328 0.342 
576 175 4.6335   1836 497.2 1.5713   3096 796.567 0.3427 
594 179 4.6252   1854 501.7 1.5277   3114 800.826 0.343 
612 184 4.6166   1872 506.1 1.4829   3132 807.763 0.3432 
630 189 4.6072   1890 510.6 1.4364   3150 813.887 0.3441 
648 193 4.5977   1908 515.1 1.3884   3168 818.652 0.344 
666 198 4.5874   1926 519.5 1.3399   3186 823.003 0.344 
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684 202 4.5758   1944 523.9 1.29   3204 827.28 0.344 
702 207 4.5635   1962 528.4 1.2394   3222 831.576 0.344 
720 212 4.5498   1980 532.8 1.1882   3240 835.899 0.344 
738 216 4.5344   1998 537.1 1.1363   3258 840.237 0.344 
756 221 4.5178   2016 541.5 1.085   3276 844.67 0.344 
774 226 4.4986   2034 545.8 1.0337   3294 848.84 0.344 
792 231 4.4769   2052 550.2 0.9834   3312 853.305 0.344 
810 235 4.4518   2070 554.4 0.9343   3330 857.637 0.344 
828 240 4.4222   2088 558.7 0.8875   3348 861.932 0.344 
846 245 4.3872   2106 562.9 0.8442   3366 866.349 0.343 
864 249 4.3462   2124 567.1 0.8042   3384 870.775 0.343 
882 254 4.298   2142 571.3 0.767   3402 843.119 0.3388 
900 259 4.2434   2160 575.6 0.731   3420 804.083 0.3314 
918 264 4.1826   2178 580 0.6944   3438 766.495 0.3263 
936 268 4.114   2196 584.3 0.657   3456 731.592 0.3226 
954 273 4.0364   2214 588.6 0.6196   3474 699.291 0.3194 
972 278 3.9499   2232 592.9 0.5836         
990 283 3.8566   2250 597.1 0.5511         
1008 287 3.7599   2268 601.2 0.5225         
1026 292 3.6637   2286 605.3 0.4986         
1044 297 3.5703   2304 609.5 0.4785         
1062 302 3.4848   2322 613.7 0.462         
1080 306 3.4063   2340 617.9 0.4472         
1098 311 3.3335   2358 622.2 0.4337         
1116 316 3.264   2376 626.5 0.421         
1134 320 3.1961   2394 630.8 0.4093         
1152 325 3.1291   2412 635.1 0.3976         
1170 330 3.0624   2430 639.3 0.3867         
1188 334 2.9957   2448 643.6 0.3768         
1206 339 2.9292   2466 647.9 0.3677         
1224 344 2.8638   2484 652.2 0.3596         
1242 348 2.8003   2502 656.5 0.3527         
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Table (R): Thermographic data for microalgae combustion 
MICROALG
E                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 27.1 5.0257   1260 352.3 2.7789   2520 660.068 0.3346 
18 29.1 5.0769   1278 356.9 2.7169   2538 664.306 0.3321 
36 33.7 5.0919   1296 361.4 2.6591   2556 668.554 0.331 
54 38.5 5.0924   1314 366 2.6052   2574 672.821 0.33 
72 43.4 5.0871   1332 370.5 2.5557   2592 677.09 0.33 
90 48.1 5.0776   1350 375 2.5095   2610 681.359 0.33 
108 52.8 5.0638   1368 379.5 2.4666   2628 685.619 0.3297 
126 57.5 5.0464   1386 384 2.4263   2646 689.889 0.33 
144 62.1 5.0256   1404 388.6 2.3881   2664 694.149 0.329 
162 66.9 5.003   1422 393.2 2.351   2682 698.414 0.3284 
180 71.7 4.98   1440 397.7 2.316   2700 702.677 0.3261 
198 76.6 4.9563   1458 402.2 2.2818   2718 706.941 0.325 
216 81.5 4.934   1476 406.7 2.2486   2736 711.198 0.325 
234 86.3 4.9131   1494 411.2 2.216   2754 715.437 0.3257 
252 91.1 4.8944   1512 415.7 2.1839   2772 719.671 0.3256 
270 95.9 4.8786   1530 420.2 2.1513   2790 723.92 0.326 
288 101 4.8651   1548 424.7 2.1193   2808 728.163 0.326 
306 105 4.8536   1566 429.3 2.0872   2826 732.41 0.3261 
324 110 4.8437   1584 433.8 2.0543   2844 736.653 0.327 
342 115 4.835   1602 438.4 2.0214   2862 740.886 0.327 
360 119 4.8273   1620 442.9 1.9876   2880 745.131 0.327 
378 124 4.8203   1638 447.5 1.9529   2898 749.367 0.3279 
396 129 4.8138   1656 452.1 1.917   2916 753.598 0.328 
414 133 4.8076   1674 456.7 1.88   2934 757.829 0.328 
432 138 4.8017   1692 461.3 1.842   2952 762.048 0.3289 
450 143 4.7957   1710 465.8 1.8027   2970 766.272 0.329 
468 147 4.7897   1728 470.3 1.7627   2988 770.501 0.329 
486 152 4.7836   1746 474.8 1.721   3006 774.703 0.3293 
504 156 4.7768   1764 479.3 1.678   3024 778.923 0.3299 
522 161 4.7699   1782 483.8 1.6337   3042 783.16 0.33 
540 166 4.763   1800 488.2 1.5876   3060 787.411 0.33 
558 170 4.7556   1818 492.7 1.54   3078 791.68 0.33 
576 175 4.7477   1836 497.2 1.4907   3096 795.932 0.3304 
594 180 4.7397   1854 501.7 1.44   3114 800.68 0.331 
612 184 4.7313   1872 506.1 1.3879   3132 808.837 0.332 
630 189 4.7227   1890 510.5 1.334   3150 814.018 0.332 
648 194 4.7131   1908 515 1.2795   3168 818.447 0.332 
666 198 4.7032   1926 519.4 1.2241   3186 822.732 0.332 
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684 203 4.6924   1944 523.7 1.1684   3204 827.014 0.332 
702 208 4.6802   1962 528.1 1.113   3222 831.27 0.332 
720 212 4.6675   1980 532.4 1.058   3240 835.511 0.332 
738 217 4.6529   1998 536.7 1.0052   3258 839.737 0.332 
756 222 4.637   2016 541 0.955   3276 844.253 0.332 
774 226 4.6185   2034 545.2 0.9079   3294 848.552 0.332 
792 231 4.5969   2052 549.3 0.8648   3312 852.894 0.332 
810 236 4.5712   2070 553.5 0.8269   3330 857.353 0.3319 
828 240 4.5404   2088 557.7 0.7923   3348 861.775 0.3312 
846 245 4.5034   2106 562 0.7601   3366 866.22 0.331 
864 250 4.4595   2124 566.3 0.7281   3384 835.541 0.3264 
882 255 4.4079   2142 570.7 0.6941   3402 796.783 0.3192 
900 259 4.3491   2160 575.1 0.6584   3420 759.687 0.314 
918 264 4.2828   2178 579.4 0.622   3438 725.256 0.3102 
936 269 4.2077   2196 583.7 0.5873   3456 693.359 0.3069 
954 274 4.1224   2214 587.9 0.5549   3474 663.704 0.3042 
972 279 4.0281   2232 592.1 0.5265         
990 283 3.9278   2250 596.2 0.5024         
1008 288 3.8259   2268 600.4 0.4817         
1026 293 3.7258   2286 604.6 0.4643         
1044 298 3.6321   2304 608.8 0.4486         
1062 302 3.546   2322 613.1 0.4344         
1080 306 3.4701   2340 617.4 0.4212         
1098 310 3.4002   2358 621.7 0.4084         
1116 315 3.3317   2376 626 0.3965         
1134 319 3.2637   2394 630.2 0.385         
1152 324 3.1948   2412 634.5 0.3746         
1170 329 3.1249   2430 638.8 0.3648         
1188 333 3.0535   2448 643 0.3566         
1206 338 2.983   2466 647.3 0.3493         
1224 343 2.9131   2484 651.6 0.343         
1242 348 2.8446   2502 655.8 0.3382         
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Table (S): Thermographic data for coal “A” combustion 
COAL                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 42.9 5.00036   1470 339.9 5.02492   2961 704.897 1.298 
21 42.8 5.00244   1491 345.3 5.01849   2982 710.018 1.29626 
42 42.8 5.00362   1512 350.6 5.01177   3003 715.069 1.29232 
63 42.8 5.004   1533 355.9 5.00302   3024 720.128 1.28452 
84 42.8 5.00496   1554 361.2 4.99321   3045 725.195 1.27426 
105 42.8 5.00589   1575 366.5 4.98175   3066 730.297 1.26407 
126 42.8 5.00622   1596 371.8 4.9687   3087 735.422 1.2543 
147 42.8 5.00675   1617 377.1 4.95452   3108 740.53 1.24739 
168 42.8 5.00698   1638 382.3 4.93872   3129 745.613 1.24223 
189 42.8 5.00712   1659 387.6 4.92158   3150 750.675 1.2388 
210 42.8 5.00774   1680 392.8 4.90282   3171 755.644 1.237 
231 42.8 5.008   1701 398.1 4.88342   3192 760.554 1.23552 
252 42.8 5.00831   1722 403.4 4.86223   3213 765.432 1.23504 
273 42.8 5.00922   1743 408.7 4.84024   3234 770.318 1.23467 
294 42.8 5.00962   1764 414 4.81662   3255 775.234 1.23454 
315 44.5 5.04875   1785 419.3 4.79179   3276 780.176 1.235 
336 50.3 5.06451   1806 424.6 4.76475   3297 785.146 1.23529 
357 56.2 5.06579   1827 429.9 4.73563   3318 790.118 1.23613 
378 62 5.06293   1848 435.2 4.70454   3339 795.071 1.23694 
399 67.6 5.05871   1869 440.5 4.66951   3360 800.031 1.23656 
420 73.1 5.0535   1890 445.9 4.63233   3381 804.98 1.23703 
441 78.4 5.04824   1911 451.2 4.59118   3402 809.941 1.23749 
462 83.7 5.043   1932 456.6 4.54565   3423 814.921 1.2376 
483 89 5.03921   1953 462 4.49545   3444 819.973 1.238 
504 94.3 5.03425   1974 467.4 4.4408   3465 825.024 1.23873 
525 99.5 5.0318   1995 472.7 4.38155   3486 830.08 1.23954 
546 105 5.02789   2016 478.1 4.31684   3507 835.138 1.23974 
567 110 5.02529   2037 483.4 4.24708   3528 840.193 1.24057 
588 115 5.02162   2058 488.8 4.17133   3549 845.231 1.24094 
609 121 5.01719   2079 494.2 4.09093   3570 850.281 1.241 
630 126 5.01482   2100 499.6 4.00535   3591 855.333 1.24163 
651 131 5.01324   2121 504.9 3.91568   3612 860.406 1.24104 
672 136 5.01143   2142 510.2 3.8217   3633 865.358 1.24194 
693 142 5.01017   2163 515.6 3.7236   3654 870.295 1.24179 
714 147 5.0091   2184 520.9 3.62181   3675 875.171 1.24112 
735 152 5.00879   2205 526.1 3.51512   3696 879.89 1.241 
756 158 5.00863   2226 531.4 3.40475   3717 864.262 1.23809 
777 163 5.00836   2247 536.7 3.29042   3738 818.997 1.22863 
798 168 5.008   2268 541.9 3.17248   3759 776.667 1.22236 
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819 174 5.00738   2289 547.2 3.05156   3780 735.688 1.21748 
840 179 5.00878   2310 552.3 2.92683   3801 698.079 1.21325 
861 184 5.009   2331 557.4 2.80201   3822 663.419 1.20843 
882 190 5.00922   2352 562.5 2.67389   3843 631.332 1.20508 
903 195 5.01   2373 567.6 2.547   3864 601.47 1.20097 
924 200 5.01097   2394 572.6 2.42056   3885 573.591 1.19828 
945 206 5.01114   2415 577.5 2.29842   3906 547.473 1.19948 
966 211 5.01209   2436 582.4 2.17964   3927 522.877 1.19866 
987 216 5.013   2457 587.1 2.06691   3948 499.676 1.19567 
1008 222 5.01399   2478 591.8 1.96161   3969 477.73 1.19155 
1029 227 5.01472   2499 596.6 1.86353   3990 456.918 1.18753 
1050 232 5.0159   2520 601.2 1.774   4011 437.159 1.18345 
1071 238 5.01695   2541 605.9 1.69289   4032 418.376 1.17856 
1092 243 5.01799   2562 610.6 1.62009         
1113 249 5.01993   2583 615.3 1.55706         
1134 254 5.02109   2604 620.2 1.50217         
1155 259 5.02298   2625 625 1.45601         
1176 265 5.02495   2646 629.7 1.41801         
1197 270 5.02693   2667 634.5 1.38846         
1218 276 5.02944   2688 639.4 1.36564         
1239 281 5.03091   2709 644.4 1.34894         
1260 286 5.03311   2730 649.4 1.33706         
1281 292 5.03497   2751 654.4 1.32821         
1302 297 5.03662   2772 659.4 1.32103         
1323 302 5.03782   2793 664.5 1.31583         
1344 308 5.038   2814 669.5 1.3119         
1365 313 5.03807   2835 674.5 1.30827         
1386 319 5.03703   2856 679.5 1.30578         
1407 324 5.03568   2877 684.5 1.30357         
1428 329 5.03306   2898 689.6 1.30141         
1449 335 5.02935   2919 694.7 1.30017         
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Table (T): Thermographic data for Blend-90C-05A combustion 
90C-
05A                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 42.8 5.081   1470 340.6 5.15634   2940 701.292 1.522 
21 42.7 5.08281   1491 346 5.14705   2961 706.324 1.52119 
42 42.8 5.08395   1512 351.3 5.13627   2982 711.342 1.51689 
63 42.8 5.08488   1533 356.7 5.12459   3003 716.363 1.50958 
84 42.8 5.0853   1554 362 5.11133   3024 721.418 1.50127 
105 42.9 5.086   1575 367.3 5.09634   3045 726.518 1.49295 
126 42.9 5.086   1596 372.6 5.08015   3066 731.546 1.48555 
147 42.9 5.08698   1617 377.8 5.06274   3087 736.498 1.48077 
168 42.9 5.087   1638 383.1 5.04321   3108 741.411 1.47795 
189 42.9 5.08746   1659 388.4 5.023   3129 746.314 1.47602 
210 42.9 5.088   1680 393.7 5.00101   3150 751.202 1.4754 
231 42.9 5.088   1701 399 4.97753   3171 756.109 1.47433 
252 42.8 5.08823   1722 404.3 4.9533   3192 761.049 1.47503 
273 42.9 5.08897   1743 409.6 4.92698   3213 766.022 1.47561 
294 42.9 5.08904   1764 414.9 4.89881   3234 771.007 1.4768 
315 44.3 5.12687   1785 420.3 4.86855   3255 775.99 1.47725 
336 50.1 5.14495   1806 425.6 4.83616   3276 781.005 1.47815 
357 56 5.14755   1827 431 4.80035   3297 785.993 1.47935 
378 61.8 5.14621   1848 436.4 4.76111   3318 790.937 1.48 
399 67.5 5.14406   1869 441.8 4.71826   3339 795.894 1.481 
420 72.9 5.14158   1890 447.2 4.67044   3360 800.842 1.48192 
441 78.3 5.13951   1911 452.6 4.61795   3381 805.79 1.48269 
462 83.6 5.13901   1932 458 4.55931   3402 810.731 1.483 
483 88.9 5.13788   1953 463.5 4.49508   3423 815.679 1.484 
504 94.2 5.13723   1974 469.1 4.42423   3444 820.618 1.48447 
525 99.4 5.13702   1995 474.6 4.3459   3465 825.463 1.48497 
546 105 5.137   2016 480.1 4.25931   3486 830.451 1.48567 
567 110 5.13795   2037 485.4 4.14046   3507 835.534 1.486 
588 115 5.138   2058 490.7 4.02062   3528 840.593 1.48699 
609 120 5.13898   2079 495.9 3.90079   3549 845.614 1.487 
630 126 5.13985   2100 501.2 3.78095   3570 850.63 1.488 
651 131 5.14072   2121 506.5 3.66112   3591 855.652 1.48823 
672 136 5.14198   2142 511.7 3.54128   3612 860.686 1.48901 
693 142 5.14308   2163 517 3.42145   3633 865.587 1.489 
714 147 5.14402   2184 522.3 3.30161   3654 870.537 1.489 
735 152 5.14572   2205 527.6 3.18177   3675 875.444 1.48983 
756 157 5.147   2226 532.8 3.06194   3696 880.442 1.49 
777 163 5.14871   2247 538.1 2.9421   3717 850.4 1.48302 
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798 168 5.15076   2268 543.4 2.82227   3738 805.12 1.47485 
819 173 5.15198   2289 548.6 2.70243   3759 763.972 1.46892 
840 179 5.15399   2310 553.9 2.5826   3780 724.101 1.4642 
861 184 5.15578   2331 558.8 2.46607   3801 687.447 1.45936 
882 189 5.15788   2352 563.7 2.33962   3822 653.598 1.45528 
903 195 5.15975   2373 568.5 2.2198   3843 622.19 1.45116 
924 200 5.16241   2394 573.2 2.10857   3864 592.921 1.44705 
945 206 5.16432   2415 577.8 2.00673   3885 565.578 1.44502 
966 211 5.16686   2436 582.4 1.91545   3906 539.912 1.44536 
987 216 5.1697   2457 587 1.83491   3927 515.723 1.44291 
1008 222 5.17205   2478 591.6 1.7653   3948 492.879 1.43924 
1029 227 5.17476   2499 596.2 1.70644   3969 471.26 1.43487 
1050 232 5.17746   2520 600.8 1.65694   3990 450.74 1.43051 
1071 238 5.18005   2541 605.6 1.61744   4011 431.249 1.42607 
1092 243 5.18244   2562 610.4 1.58701   4032 412.718 1.42156 
1113 249 5.18485   2583 615.3 1.56433         
1134 254 5.18718   2604 620.2 1.54822         
1155 259 5.18921   2625 625.2 1.53755         
1176 265 5.19133   2646 630.2 1.53061         
1197 270 5.19319   2667 635.3 1.5268         
1218 276 5.19462   2688 640.3 1.52456         
1239 281 5.19592   2709 645.3 1.523         
1260 287 5.196   2730 650.4 1.522         
1281 292 5.19501   2751 655.5 1.522         
1302 297 5.19392   2772 660.6 1.521         
1323 303 5.19156   2793 665.7 1.521         
1344 308 5.18845   2814 670.8 1.521         
1365 314 5.18513   2835 675.9 1.521         
1386 319 5.18095   2856 681 1.521         
1407 325 5.17647   2877 686 1.52123         
1428 330 5.17054   2898 691.1 1.52133         
1449 335 5.16398   2919 696.2 1.52196         
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Table (U): Thermographic data for Blend-90C-10A combustion 
90C-
10A                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 42.9 5.18014   1470 340.8 5.13528   2940 700.439 1.412 
21 42.8 5.181   1491 346.2 5.12101   2961 705.495 1.41107 
42 42.8 5.18199   1512 351.5 5.10586   2982 710.531 1.40633 
63 42.8 5.182   1533 356.8 5.08969   3003 715.537 1.39882 
84 42.8 5.18226   1554 362.1 5.07257   3024 720.539 1.3902 
105 42.8 5.18263   1575 367.4 5.0541   3045 725.521 1.38158 
126 42.8 5.18276   1596 372.6 5.03498   3066 730.572 1.37397 
147 42.8 5.18293   1617 377.9 5.014   3087 735.655 1.36919 
168 42.8 5.183   1638 383.1 4.99152   3108 740.62 1.36631 
189 42.8 5.18261   1659 388.4 4.96798   3129 745.528 1.36436 
210 42.8 5.18233   1680 393.7 4.94358   3150 750.424 1.364 
231 42.8 5.182   1701 399 4.91763   3171 755.336 1.364 
252 42.8 5.18212   1722 404.2 4.89024   3192 760.285 1.364 
273 42.8 5.182   1743 409.6 4.86124   3213 765.244 1.36497 
294 42.8 5.182   1764 414.9 4.83025   3234 770.199 1.36538 
315 44.4 5.21989   1785 420.2 4.7969   3255 775.156 1.366 
336 50.1 5.23713   1806 425.5 4.76115   3276 780.131 1.367 
357 56 5.23777   1827 430.9 4.72244   3297 785.096 1.36778 
378 61.8 5.23405   1848 436.3 4.67992   3318 790.044 1.36812 
399 67.4 5.22871   1869 441.7 4.63276   3339 794.985 1.369 
420 72.9 5.22337   1890 447.1 4.58075   3360 799.927 1.36971 
441 78.3 5.21819   1911 452.6 4.52332   3381 804.865 1.37 
462 83.6 5.21394   1932 458.1 4.45947   3402 809.776 1.371 
483 88.9 5.2106   1953 463.6 4.38873   3423 814.694 1.37159 
504 94.2 5.20803   1974 469.1 4.31038   3444 819.608 1.372 
525 99.4 5.20607   1995 474.7 4.22506   3465 824.495 1.37295 
546 105 5.20501   2016 480.2 4.13226   3486 829.382 1.373 
567 110 5.20401   2037 485.7 4.03279   3507 834.27 1.37321 
588 115 5.204   2058 491.1 3.92692   3528 839.218 1.374 
609 120 5.204   2079 496.6 3.81591   3549 844.298 1.37471 
630 126 5.204   2100 501.9 3.6986   3570 849.318 1.375 
651 131 5.20422   2121 507.3 3.57707   3591 854.346 1.375 
672 136 5.205   2142 512.6 3.45052   3612 859.393 1.376 
693 142 5.20596   2163 517.9 3.31928   3633 864.105 1.376 
714 147 5.20659   2184 523.2 3.18389   3654 869.03 1.376 
735 152 5.20789   2205 528.4 3.04474   3675 874.2 1.377 
756 158 5.20872   2226 533.7 2.90294   3696 835.575 1.36861 
777 163 5.2113   2247 538.8 2.75914   3717 790.628 1.36068 
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798 168 5.21111   2268 543.9 2.61541   3738 748.327 1.35481 
819 173 5.21195   2289 548.8 2.47517   3759 711.709 1.34987 
840 179 5.21394   2310 553.7 2.33588   3780 675.956 1.34519 
861 184 5.21499   2331 558.5 2.20416   3801 642.907 1.34083 
882 190 5.21662   2352 563.1 2.08111   3822 612.209 1.33657 
903 195 5.2186   2373 567.6 1.96817   3843 583.576 1.33257 
924 200 5.21994   2394 572.2 1.86577   3864 556.822 1.33147 
945 206 5.22178   2415 576.7 1.77568   3885 531.654 1.332 
966 211 5.22322   2436 581.3 1.69702   3906 507.94 1.32926 
987 216 5.22497   2457 585.9 1.63012   3927 485.514 1.32516 
1008 222 5.22697   2478 590.6 1.57438   3948 464.264 1.3208 
1029 227 5.22871   2499 595.2 1.52903   3969 444.11 1.31636 
1050 233 5.22999   2520 599.9 1.49375   3990 424.956 1.31167 
1071 238 5.23186   2541 604.7 1.46709   4011 406.73 1.30701 
1092 243 5.23295   2562 609.5 1.44788   4032 389.384 1.30233 
1113 249 5.23347   2583 614.4 1.43478         
1134 254 5.234   2604 619.4 1.4263         
1155 260 5.234   2625 624.4 1.42131         
1176 265 5.233   2646 629.4 1.41854         
1197 270 5.23164   2667 634.5 1.41702         
1218 276 5.23009   2688 639.5 1.41617         
1239 281 5.22677   2709 644.6 1.41535         
1260 287 5.22226   2730 649.6 1.415         
1281 292 5.21605   2751 654.7 1.414         
1302 298 5.20861   2772 659.8 1.414         
1323 303 5.20068   2793 664.8 1.413         
1344 308 5.19331   2814 670 1.413         
1365 314 5.18571   2835 675 1.413         
1386 319 5.1777   2856 680.1 1.41231         
1407 325 5.16872   2877 685.2 1.412         
1428 330 5.15875   2898 690.3 1.412         
1449 335 5.14759   2919 695.4 1.412         
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Table (V): Thermographic data for Blend-85C-15A combustion 
85C-
15A                     
Time  Temp. Mass   Time  Temp. Mass   Time  Temp. Mass 
(s) (C) (mg)   (s) (C) (mg)   (s) (C) (mg) 
0 22.7 4.745   1470 341 4.59114   2940 700.621 0.923 
21 22.4 4.745   1491 346.3 4.57398   2961 705.667 0.921507 
42 22.2 4.74505   1512 351.6 4.55556   2982 710.705 0.915653 
63 21.9 4.74534   1533 356.9 4.53693   3003 715.751 0.907821 
84 21.7 4.746   1554 362.2 4.51762   3024 720.752 0.898225 
105 21.5 4.746   1575 367.4 4.497   3045 725.752 0.889435 
126 21.3 4.746   1596 372.6 4.476   3066 730.795 0.881092 
147 21.1 4.746   1617 377.8 4.45398   3087 735.832 0.875513 
168 20.9 4.74646   1638 383 4.43026   3108 740.803 0.871591 
189 20.7 4.74699   1659 388.3 4.40614   3129 745.701 0.868795 
210 20.5 4.747   1680 393.5 4.38086   3150 750.615 0.867133 
231 20.4 4.74706   1701 398.8 4.35428   3171 755.535 0.867 
252 20.2 4.748   1722 404.1 4.32641   3192 760.467 0.867 
273 20.1 4.748   1743 409.4 4.297   3213 765.42 0.867111 
294 19.9 4.748   1764 414.7 4.26577   3234 770.371 0.868 
315 19 4.74889   1785 420.1 4.2323   3255 775.325 0.868997 
336 18.8 4.749   1806 425.4 4.19653   3276 780.272 0.869842 
357 33.3 4.90563   1827 430.9 4.15721   3297 785.195 0.87 
378 51.7 4.89367   1848 436.3 4.115   3318 790.107 0.871427 
399 64.6 4.84376   1869 441.8 4.06828   3339 795.012 0.871757 
420 73.4 4.79845   1890 447.2 4.0169   3360 799.924 0.872469 
441 80 4.76916   1911 452.7 3.96079   3381 804.844 0.873 
462 85.4 4.75237   1932 458.2 3.89667   3402 810.268 0.873991 
483 90.5 4.74374   1953 463.7 3.82695   3423 816.331 0.874975 
504 95.4 4.73945   1974 469.2 3.74985   3444 821.515 0.875 
525 100 4.73729   1995 474.7 3.66599   3465 826.546 0.875988 
546 105 4.73697   2016 480.2 3.57511   3486 831.582 0.876 
567 110 4.736   2037 485.7 3.47754   3507 836.582 0.876998 
588 116 4.736   2058 491.1 3.37397   3528 841.533 0.87725 
609 121 4.73628   2079 496.5 3.26487   3549 846.464 0.878 
630 126 4.737   2100 501.9 3.15065   3570 851.316 0.878857 
651 131 4.737   2121 507.3 3.03127   3591 856.413 0.879 
672 136 4.738   2142 512.6 2.907   3612 861.503 0.879472 
693 142 4.73898   2163 518 2.77819   3633 866.559 0.879999 
714 147 4.73995   2184 523.3 2.64497   3654 834.231 0.87279 
735 152 4.74092   2205 528.5 2.50848   3675 789.951 0.864612 
756 158 4.74197   2226 533.6 2.36911   3696 747.838 0.858502 
777 163 4.74296   2247 538.7 2.22802   3717 709.043 0.85341 
121 
 
 
798 168 4.74397   2268 543.7 2.08769   3738 673.318 0.848441 
819 173 4.74499   2289 548.7 1.94882   3759 642.576 0.844312 
840 179 4.746   2310 553.6 1.81426   3780 611.904 0.839824 
861 184 4.74723   2331 558.3 1.686   3801 583.291 0.836052 
882 190 4.74848   2352 563 1.56565   3822 556.527 0.835 
903 195 4.74989   2373 567.6 1.45503   3843 531.379 0.837008 
924 200 4.75097   2394 572.2 1.35579   3864 507.647 0.835832 
945 206 4.75196   2415 576.7 1.26812   3885 485.208 0.832465 
966 211 4.75298   2436 581.3 1.19206   3906 463.957 0.827794 
987 216 4.75398   2457 585.8 1.12788   3927 443.79 0.823448 
1008 222 4.75497   2478 590.5 1.07493   3948 424.619 0.81874 
1029 227 4.755   2499 595.1 1.0324   3969 406.387 0.813766 
1050 232 4.75598   2520 599.9 0.999431   3990 389.034 0.809374 
1071 238 4.7554   2541 604.7 0.975041   4011 372.483 0.804429 
1092 243 4.755   2562 609.5 0.958085   4032 356.692 0.799667 
1113 249 4.75377   2583 614.4 0.948081         
1134 254 4.75182   2604 619.4 0.938531         
1155 260 4.74912   2625 624.4 0.933583         
1176 265 4.74572   2646 629.4 0.931146         
1197 271 4.74131   2667 634.5 0.929759         
1218 276 4.73589   2688 639.7 0.928778         
1239 281 4.72893   2709 644.8 0.927636         
1260 287 4.71975   2730 649.9 0.926627         
1281 292 4.70798   2751 655 0.926         
1302 298 4.69514   2772 660 0.925001         
1323 303 4.68323   2793 665.1 0.925         
1344 309 4.67189   2814 670.2 0.924026         
1365 314 4.6605   2835 675.3 0.924         
1386 319 4.649   2856 680.4 0.923889         
1407 325 4.63656   2877 685.4 0.923037         
1428 330 4.62259   2898 690.5 0.923         
1449 336 4.60735   2919 695.6 0.923         
 
 
  
 
 
